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PREFACE 


The  Technology  for  Future  NASA  Missions  Conference  was  held  during  the 
period  of  September  12-13,  1988  at  the  Capital  Hilton  in  Washington,  DC.  The 
conference  provided  industry  and  university  executives  programmatic  and 
technical  information  on  OAST  space  technology  efforts.  The  conference  was 
jointly  sponsored  by  the  American  Institute  of  Aeronautics  and  Astronautics 
and  the  National  Aeronautics  and  Space  Administration,  First  day  proceedings 
were  devoted  to  programmatic  discussions  of  CSTl,  Pathfinder,  and  the 
Research  and  Technology  Base  program.  Second  day  activities  included  the 
coverage  of  technical  efforts  on  a  more  detailed  basis. 
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TURBOMACHINERY,  MAIN  COMBUSTOR 
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i 

I 


I 

« 


LU 

> 

h“ 

O 

LU 

m 

O 


>■ 

—I 

ii 

oh 

LU< 

Her 

ujm 

io 

03 

□  O 

sgi 

<30 

0^0 

itziu 

I- LUX 

to 

<^Q 

^o< 

O  UL 
-I  lU 
LU  LU  O 

>C2< 

LU<CL 

omc/} 


cn 

z 

g 

H 

< 

QC 

LU 

Ql 

O 

LU 


H 

3 

O 

QC 


O 

QC 

LJ. 

(/) 

LU 

O 

QC 

Z) 

o 

(/) 

LU 

QC 


< 

s 

Z) 


LU 

LU 

QC 

Ll_ 


(/) 


B  o 


H 

< 

QC 

LU 

Ql 

O 

LU 

O 

< 

Ql 

(/) 

Ll_ 

O 

(/) 

H 

(/) 

o 

o 

LU 

(/) 

< 

LU 

QC 

O 

LU 

O 


O 

< 

o 

DC 

CL 

CL 

< 


o 

z 

<9 


2i 

Oz 

LU< 

Q°“ 

LU> 

OH 

<Z 

UJH 

O 

LU  U 


O  *' 
zO 

luDC 

H< 

<  LU 

DC -I 

00^ 

OI 

LU  ^ 

Q2 


34 


SIMILAR  ADVANCED  CONCEPTS 
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OFFICER  (INCO)  IN  MISSION  CONTROL 
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OPTICAL  DISK  TECHNOLOGY 
SYSTEM  RECENTLY  DEMONSTRATED 
FOR  SPACE  APPLICATIONS 
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VERIFY  THE  ANALYSIS  AND  DESIGN  METHODS  THROUGH 
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EXPERIMENT  IN  SPACE 


PRECISION  SEGMENTED  REFLECTORS 
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FABRICATE  HIGH  SURFACE  PRECISION  PANELS  AND 
CONDUCT  SYSTEM  LEVEL  VALIDATION  TESTING 
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ADVANCED  PRECISION 
SEGMENTED  REFLECTOR 
STRUCTURE 
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CONVERSION  TECHNOLOGIES,  SUCH  AS  THE  FREE-PISTON 
STIRLING  ENGINE  AND  HIGH  EFFICIENCY  THERMOELECTRIC 
MATERIALS 
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TECHNOLOGY  TRANSFER  TO  THE  USER 


CD 

O 

00 

00 

H" 

CO 

o 


CO 

LU 

> 

I- 

< 


LU 

CO 

LU 

CC. 

CL 

LU 

OC 


CC 

LU 

CO 


< 

CO 

< 


t< 

CC? 

i£ 

3a 

Q< 

<< 

CC  uj 


LJ  LU 

Ulu 

±cc 


LU 

O 

< 

CL 

CO 

O 

I- 


o 

I- 

< 


CC 

o 


LUS 

COS 

COq 

QO 


I 


II 


50 


PRESENTATIONS 
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FACILITATE  TECHNOLOGY  TRANSFER  TO  USERS 


PATHFINDER  PHILOSOPHY 
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KEEP  TECHNOLOGY  AS  AN  ACTIVE  PARTICIPANT  IN 
AGENCY  PLANNING  PROCESS 


PATHFINDER  STATUS 
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OFFICE  OF  EXPLORATION 
CASE  STUDIES 
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PATHFINDER  THRUSTS  AND  ELEMENTS 
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JOHN  MANKINS 

PATHFINDER  PROGRAM  MANAGER 


PATHFINDER  PROGRAM  AREA 
SURFACE  EXPLORATION 
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TECHNOLOGIES  FOR  SURFACE  SCIENCES 
(E.G.,  SAMPLING  AND  IN  SITU  ANALYSIS) 
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AND  HARDWARE  (E.G.,  FUEL  PRODUCTION  AND 
MINING) 


PATHFINDER  PROGRAM  AREA 
IN-SPACE  OPERATIONS 


C£> 

O 

O 

“3 


CO 

< 

cr 

o 

o 

cr 

a. 


LU 

LU 

LU 


o8 

CO 

O 

o 

H 

0 

1 

CL 

CO 

cc 

z 

CL 

UJ 

N 

UJ 

< 

UJ 

O 

>- 

0 

0 

z 

UJ 

CQ 

0 

CL 

cc 

S  z 

3 

CC 

CO 

UJ  o 

co¬ 

LJL 

< 

UJ 

o 

co  H 

<o 

0 

0 

So 

LU  ^ 

Z 

2: 

Oz 

§i 

2^ 

UJ 

0 

0 

UJ 

0 

t—  L) 

(0^ 

>- 

< 

=>o 

cc 

CL 

<Q 

0 

CO 

• 

• 

• 

• 

o 

E 

o 

z 

CO 

CO 

UJ 

o 

o 

cc 

Q. 

UJ 

o 

cc 

3H 

OZ 

co< 

LU  ^ 
CC  CL 


71 


OPTICAL  COMMUNICATIONS 


PATHFINDER 

AUTONOMOUS  RENDEZVOUS  &  DOCKING 


JCM-0057 


PATHFINDER 

AUTONOMOUS  RENDEZVOUS  &  DOCKING 


I 


LU 

LU 

(D 

< 


< 

tr 

o 

o 

QC 

Q. 


(/) 


o 

03 

LU 

C 

03 

E 


o8 
0) 

^  8 

>  C 

o 

C/)  c 

Q  E 
<  o 

LU  — 

£q 


a: 

LU 


LU  X- 

o  o 
o  o 


LU 


O 


c  2 

O 

'55 

IBMM 
> 


ul  ^ 

u-  o 

^  Q- 

wco 

c 
o 

§1 

LU  o 


CO  a> 
111  ^  o 

t-  OO 

g|£ 

03  M 
0-1 
2  r-  ^ 

I—  O  03 
<  w  Q- 

o 

^  O  03 


CC 

2? 


0-  w 


CO 

CD 

o 

:s 

o 


73 


FY  1989  BUDGET:  $1  MILLION 


PATHFINDER 

IN-SPACE  ASSEMBLY  AND  CONSTRUCTION 


74 


JCM-0059 


PATHFINDER 

IN-SPACE  ASSEMBLY  &  CONSTRUCTION 


r^. 

o 

O 

-3 


c 

o 

'co 

■  w^m 
> 

■ 

Q 


..  W 

z  2? 
o  = 

CO  « 


UJ  CZ 
-J2 


oc 

111 

X- 

Z  0 
111  ^ 
O  0 

m  o 

LL  03 
O 


< 

(f) 

< 


CO 

o 

oc 


Z  > 
o 

0  O) 

<  c 

111  03 


(/) 

cc  >, 

111  c 

H"  O 

m  £ 

03 

o-j 
2:  c 

h.2 

<  CO 

CL  "5 

0  O 


o 

c 

C  O) 

<D 

Oll 

O  0 

o  o 

03  03 
Q.  Q. 
(/)(/) 

c  =z 

O  03 
CO  ^ 
C  CO 

o  C\3 


75 


FY  1989  BUDGET:  $1  MILLION 


PATHFINDER 

CRYOGENIC  FLUID  DEPOT 


76 


JCM-0060 


PATHFINDER 

CRYOGENIC  FLUID  DEPOT 


■  ■ 


(D 

O 

cr 

Q. 


LU  *- 

oB 

c 

Q  a> 
-jO 
m  ^ 

LL  o 
^  CO 

^  CO 
<  0) 
Z  OC 

Q  CO 

IBHa 

<  5 

LXJ  (D 


C/) 

OC 

LU 


0) 

c 

CD 

O 


0) 


lU  _ 

O  g.g 

OiE 

o 

7  CD  CD 

£  o  o 

h-  ^  CO 

<  9-^ 

Ell 

2ll 


77 


ir> 

u? 

o 


5 


O 


FY  1989  BUDGET:  $3  MILLION 


PATHFINDER 

SPACE  NUCLEAR  POWER  (SP-100) 


CO 

8 

:e 

o 


ADVANCED  EARTH-ORBIT  OPERATIONS 

ROBOTIC  SOLAR  SYSTEM  EXPLORATION 
(Nuclear  Electric  Propulsion/Power) 


PATHFINDER 

RESOURCE  PROCESSING  PILOT  PLANT 


JCM-0058 


PATHFINDER 

RESOURCE  PROCESSING  PILOT  PLANT 


O 


o 

-D 


80 


INITIATION  DEFERRED  TO  1990 


PATHFINDER 

OPTICAL  COMMUNICATIONS 


JCM-0056 


PATHFINDER 

OPTICAL  COMMUNICATIONS 


< 

cc 

o 

o 

tr 

0. 


< 

o 

o 

< 

LU 


(f>  Si 
cc  c 

111  o  > 
1-0  o 


HI 

o 

o 


S  2 

D)  O 
=  -Q 
LL  C3 


O 

O 

C3 


C 

o 


< 

Q. 

O 

I— 

CC 

< 

Q. 


(f)  m 

D 

■D  CL 

c5  2 
■o  a. 

T3  _ 
O  % 


82 


GO 

(D 

o 


O 

“3 


INITIATION  DEFERRED  TO  1990 


PATHFINDER  PROGRAM  AREA 
SPACE  TRANSFER 


CO  o 


CO 

o 


cr 

o 


LU  < 


z< 

2^ 

COq 


CL  CO 

DC  DQ 
Q-ii 

qCL 

=  co 


Lucr 

xo 

OU- 


QQ 
LU  LU 

oz 

zo 


QC 

o 


g 

CO 


Q. 

o 

QC 

0-0 


LU  — 

oo 

<< 

0.1- 


XX 


.  < 
oz 

CO 
LU  O 

<o 


CL< 


LU  O 


Z< 
-I  CD 


O 

o 


a: 

o 


g 

CO 


CL 

o 

DC  CO 
CL  2 

K-O 
ZH 
LU  < 

oo 

<CL 

h-CL 

z< 

LU  ^ 

C05 

LU  < 


g 

CO 


CL 

o 

DC 

CL 

g 

CL 

h— 

O 

LU 

-I 

^d: 

>.tij 

o5 

LL  I— 
LL^ 

LU  O 

±(D 

xo 


83 


b 


JCM-0752 


PATHFINDER  PROGRAM  AREA 
SPACE  TRANSFER 


JCM-0748 


PATHFINDER 

CHEMICAL  TRANSFER  PROPULSION 


JCM-0065 


PATHFINDER 

CHEMICAL  TRANSFER  PROPULSION 


CO 

F; 

o 


O 

-3 


< 

QC 


O 

O 

(T 

Q. 


DC 

LU 


^  G> 

o  -2 

c 

Q  O 

«jO 
UJ  ^ 

U-  O 


< 

(f> 

< 


CO 
(D 
C/) 
O 
Z  DC 

Q  .£2 
<  5 

LU  (D 


■  ■ 

(f)  ® 

DC  c 
UJ  0) 
HO 

UJ  £  o> 
O  o)co 


86 


FY  1989  BUDGET:  $4  MILLION 


cr 

111 

o 


u. 

X 

h- 

< 

Q. 


JCM-0067 


PATHFINDER 

HIGH-ENERGY  AEROBRAKING 


Csl 


p:: 


o 


-5 


< 

QC 

O 

o 


cc 

Q. 


0.2 

is 

(/) 

O  c 

<  2 
LU  O 
-J< 


OC 

LU 

H 

Z  a> 
lu  ^ 
O  o 


LU 

LL 

< 

C/) 

< 


CO 

a> 

cn 

a> 

OC 


o 

S  ® 

<  c 

LU  CO 


C/) 

OC 
LU 

H  _ 
Z  0 
LU 

o  S 
o 

O  r- 


0  CO 

""  C  O 
0 

o  CO 


h- 

< 

Q. 


0 
0 
(0 
0 
OOC 


h"  (/) 
OC  <1> 

<  E 

Q.  < 


u  c 
(0  o 

C  Q. 

o  o 

^  A" 
C  d- 

O  0 


88 


FY  1989  BUDGET:  $1.5  MILLION 


PATHFINDER 

CARGO  VEHICLE  PROPULSION 


89 


JCM-0066 


PATHFINDER 

CARGO  VEHICLE  PROPULSION 


O 


2 

O 


O 

o 

oc 

Q. 


O) 

O 

c 

LU 


■  ■  _ _ 

Zl 

O  TO 


Sq.;^ 
2  2  > 
-J  Q.  O 


oc 

LU 


LU  ‘“ 

c 

Q  <D 
-lO 

—  -C 
LU  O 

<  ^ 

^  (0 

<  <D 

Z  OC 

Q.i2 

<  5 

LU  O 


■  ■ 
(f) 


CC 

LU  ^ 
I-  O 


(0 

0-1 


z  C 

P. 2 

<  w 

Q.  3 


90 


INITIATION  DEFERRED  TO  1990 


PATHFINDER  THRUSTS  AND  ELEMENTS 


Office  of 
Aeronautics  and 
Space 


\ 


93 


JOHN  L  ANDERSON 
HUMANS  IN  SPACE 
PROGRAM  INTEGRATOR 


HUMAN  EXPLORATION  OF  THE  SOLAR  SYSTEM 


LU 

Q 


O 

< 

LL 

O 

oc 

LU 

Q 

CC 

o 


LL 

O 

LU 

CO 

< 

LU 

CC 

o 


o 

< 

OC 


o 

C£ 

LL 

CO 

CO 

LU 

C£ 

H 

CO 

-I 

< 

H 

Z 

LU 


o 

OC 

> 

z 

LU 

Q 

LU 

o 

H 

CO 

o 

o 

< 


H 

< 

-I 

o 

CO 

Q 

LU 

Z 

LL 

Z 

O 

o 


o 

OC 

o 


< 

CO 


CO 

CO 

OC 

OC 

< 


< 

LL 


g 

H 

< 

Q 

< 

OC 

LU 

o 

< 

Q. 

CO 


CO 
Q 
— 1 
m 

LL 

>■ 

> 

< 

OC 

o 

-I 

< 

OC 

3 

H 

< 


94 


TOTAL,  UNRELIEVED  DEPENDENCE  ON  ADVANCED 
TECHNOLOGICAL  SYSTEMS 


HUMAN  EXPLORATION  OF  THE  SOLAR  SYSTEM 


o 

z 

lU 

o 

Li. 

LL 

CO 

I 

LL 

LLI 

CO 


(n 
m 


O 


<  5 


HLU 

QCCL 

OX 

^LU 

(/)(/) 

mO 

lU  cc 

“o 

<cc 

c/)2: 

S5d 

-iz 

2i! 

</)< 

C/3X 

<< 

Z  LLI 
OZ 


^oc 

SlU 

XH 

hhI 

X 
O 
zx 

me/) 

IjQ 

<? 

LL< 

m>- 

>H 

<□ 

(/)< 
HC/) 
ZX 
m  m 

2> 

gi 

LU  X 
“=U- 

mo 

Z  ^  H 
<^=* 
ccE< 

O  h- 
u:>-x 
xc2< 
lu<q 
xm< 


X 

O 


X 

H 


m 


m 

> 

< 

Zt 

m_i 


m 
X 

3 
O 
m 

X  QC 


X 

< 

CL 

< 

o 


H 

X 

o 

X 

CL 

3 

</) 


o 

CL 

X 

z 

< 

X 

H 


X 

m 

o 


X 

o 


X 

o 

LL 

H 

m 

o 


m 

X 

c/)0 

m_i 

Em 

ig 

3m 

oo 

00  z 

i-DC 

m2 

Qqc 

I- a. 

H 

gi 

^  h* 

LL2 

l-S 

•5=  r— 


XO 


O 

m 

< 

X 

m 

z 

m 

O 

m 

X 

m 

m 

K" 

X 


CO 

m 

o 

X 

O 

CO 

m 

X 

H 

X 

O 

X 

X 

CO 

m 


95 


UJ 

o 

< 

Q. 

(f> 


LJJ 

LiJ 


H 

O 


< 

Ouj 


LJJ  UJ 

OQ  DC 
<=: 


vJ 

coocW 

UJJ-O 

CD  ^ 

^WH 
<  Q  UJ 

SZ 

< 


o 


(f>  _ 

UJ  UJ  UL 


U. 


C/) 


-j  2  u- 

o^-j 

OCUJ 


o 

UJ 

H 

o 


OC/) 
Li.  » 

tro 

UJZ 

Q-O 


ri<cr 

Cfi  ^  ^ 

XxO 

UJ 


Z^-O) 

UJ^H 

Ip 

o£s 

z“"UJ 

<>-cr 

>h5 

9zO 

<IJJUJ 

qQOC 
z  Z  z 

<s| 

ZUjg 

2iS 

U-UJ 

POUr 

zOO 

lUCCz 

QQ-O 

OiIj< 

2^1 

OqDC 


I 

o 


LJJUJ 
LL  K“ 
LL.UJ 


o  o 


96 


LU 

o 

< 

Q. 


(/) 


X 


GC 

LU 

Q 


LL 


X 


Q. 


b 


97 


PATHFINDER/HUMANS-IN-SPACE 
TECHNICAL  REQUIREMENTS  INTERFACES 


m 

yi 

< 

c/) 

c/) 

O 

h— 

C/) 

< 

o 


o 

9 

Q 

o 

z 

z 

Z 

< 

z 

DC 

LU 

LU 

z 

5 

I 

o 

DC 

<< 

o 

H 

z 

o 

z 

LU 

1 

m 

CO 

LU 

Li. 

LU 

Q 

DC 

>” 

CO 

i 


i 


CD 

yi 

< 

CD 

CD 

O 


Z 

LU 

LJJ 

CC 

8 

LU 

cr 


LU  5 

Z  H 

g  CO 

Q 

DC  Sj 

P  -« 

z 

< 

“T" 

z 

o 

JL. 

O 

DC 

r?i 

1- 

z 

Li. 

i2 

LU 

CO 

LU 

Q 

§  o 
Sm 

LU 

DC 

X  08 

98 


HUMANS  IN  SPACE  -  FUNCTIONAL  OBJECTIVES 
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DR.  JUDITH  H.  AMBRUS 

ASSISTANT  DIRECTOR  FOR  SPACE, 
LARGE  SPACE  SYSTEMS 
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SPACE  STATION  WILL  BE  A  PERMANENT  LABORATORY  IN  SPACE 
AND  WILL  PROVIDE  LOGICAL  AND  EVOLUTIONARY  EXTENSION 
OF  GROUND  BASED  R&T  IN  SPACE 
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INSTEP-003 


INDUSTRY/UNIVERSITY  IN-SPACE  EXPERIMENTS 
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o  BOOSTER  TECHNOLOGY 

-  Pressure-Fed  Liquids 

-  Hybrids 
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O  WILL  ENABLE  THE  DEVELOPMENT  OF  FUTURE  LAUNCH  VEHICLES  WITH 
FAR  GREATER  PAYLOAD  DELIVERY  CAPABILITY  AT  GREATLY  REDUCED 
COST 
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APPLICATIONS  OF  SUPERCONDUCTIVITY 
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o  WILL  ENABLE  A  RANGE  OF  PROPULSION  SYSTEM  OPTIONS  FOR 
MINIMIZING  OVERALL  SPACE  TRANSPORTATION  COSTS 
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-  Turbine  Blades 
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-  Safety  Monitoring,  Condition  Monitoring,  and  Control  Systems 
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WILL  ENABLE  ALTERNATIVE  OPTIONS  TO  THE  SOLID  ROCKET  BOOSTERS 
FOR  FUTURE  SPACE  SHUTTLE  AND  OTHER  LAUNCH  VEHICLE  APPLICATIONS 
THAT  OFFER  SAFE-ABORT  AND  INCREASED  PAYLOAD  CAPABILITY 
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-  SUBSCALE  MOTOR  TESTING  FOR  DESIGN 
METHODOLOGY  VERIFICATION 


o 

h- 

< 

N 

E 


C  LU 

O  h- 


191 


m  m 

cc 

O 


>■ 

o 

o 

-J 

o 

a 


O 

I 


LU 


C/> 

LU 

a 

a 

lU 

o 

< 

> 

a 

< 


o 


0) 

> 

w 

< 

4^ 

JZ 

O) 

o 

'S 

n 

ca 

(/) 

E 

3 

0) 

E 

o 

c 

c 

(0 

i 

E 

"O 

o 

c 

(0 

0) 

0. 

O) 

c 

JZ 

CT 

O 

o 

X 

O 

JZ 

Q. 

O 

i 

Q 

c 

O) 

0) 

w 

0) 

o 

3 

(0 

(0 

0) 

0. 

o 

4^ 

(0 

E 

3 

3 

A 

E 

E 

o 

’E 

o 

■D 

0) 


c 

o 


0)  (0 

N 

0)  o 
A-  O 


I 


c 

o 

c 

O) 

"O 

c 

(0 

c 

o 


o 

0) 


(0 

E 

0) 

o 

CO 

(/) 

N 

>. 

2 

o 

c/> 

‘x 

O 

(0 

3 

.Q 

c 

o 

E 

c 

o 

’c 

O) 

o 

O) 

*5) 

o 

o 

o 

o 

4^ 

(0 

(0 

c 

X 

X 

0) 

0) 

O 

3 

3 

4^ 

44 

X 

X 

3 

U. 

$ 

"D 

o 

o 

o 

_J 

-J 

(/) 

■O 

■o 

(0 

c 

c 

2  E 

(0 

(0 

ir  O 

JZ 

x: 

>*  *2. 

O) 

o> 

^  C/) 

X 

X 

• 

1 

1 

192 


o 

q 

CO 


z 

o 

t— I 


Q 

o 

o 


h- 1 

B 

I 

P 


193 


AIAA/OAST  CONFERENCE  ON 
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HIGH  CAPACITY  POWER 
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•  THERMAL  MANAGEMENT  LeRC,  GSFC,  JSC 

ADVANCED  RADIATORS,  LOW  TEMP.  HEAT  PUMPS,  0-G 

M.  WARSHAY  T,  SWANSON  W.  ELLIS 


PATHFINDER  POWER  SYSTEMS  -  MISSIONS 
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COMPLETE  REFRACTORY  COMPOSITE  CHARACTERIZATIONS 
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Provide  technology  options  and  selected  demonstrations  to 
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regenerability  (PLSS),  and  mobility  for  PATHFINDER 
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STRUCTURAL  DYNAMICS 
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CONTROLS-STRUCTURES  INTERACTION  (CSI)  TECHNOLOGY 
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CONCEPT  FOR  "ACTIVE”  PRIMARY  STRUCTURES 
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0  LARGE  ASTRONOMICAL  INSTRUMENTS 
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SAMPLE  ACQUISITION.  ANALYSIS  AND  PRESERVATION  (SAAP) 
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SAAP  SYSTEM  CONCEPTS 


SAMPLE  ACQUISITION.  ANALYSIS  AND  PRESERVATION 
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SYSTEM  CONCEPT  FOR  A  MARS  MISSION  SAAP  SYSTEM  WITH  VALIDATED 
TESTBED  HARDWARE,  AUTOMATION  AND  CONTROL 
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PILOT  PLANT  DEVELOPMNENT 


MATERIALS  AND  STRUCTURES  TECHNOLOGY 
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BROAD  TECHNOLOGY  BASE  TO  SUPPORT  FUTURE  NASA  MISSION 
REQUIREMENTS 


IMPACT  OF  ENVIRONMENTAL  FACTORS  ON  SYSTEMS 
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LIFE,  YEARS 


SPACE  ENVIRONMENTAL  EFFECTS 
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HAZARDOUS  ORBITS 


CURRENT/ADVANCED  COATINGS 
FOR  SPACECRAFT 
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THIN  FILMS  (<5000A)/  SILICON  DIOXIDE  ON  ORGANICS  ATOMIC  OXYGEN 

OPTICS,  RADIATORS.  ALUMINUM  DEFECT  CONTENT 

SOLAR  VOLTAICS  LEAD-TIN  DEBRIS  IMPACT 


LDEF  COATINGS  AND  COATING  SPECIMENS 
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COMPOSITE  TUBE  WITH  Al  FOIL  COATING 
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2  INCH  DIAMETER 


NASA  CSI  PROGRAM  ELEMENTS 


350 


GUEST  INVESTIGATOR  PROGRAM 
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HYPERSONIC  FLIGHT  REQUIRES  MATERIALS 
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SEALS  AND  LUBRICANTS 
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OAST  FLIGHT  PROJECTS  DIVISION 


SPACE  R&T  STRATEGY 
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FLIGHT  PROJECTS  DIVISION 
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DATA  RETRIEVAL,  ANALYSIS,  DISSEMINATION 
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LONG  DURATION  EXPOSURE  FACILITY 
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•  ROBERT  L.  JAMES,  JR. 

LANGLEY  RESEARCH  CENTER 
PHONE  NO.  (804)  865-4987 
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ROBERT  SPANN 
JOHNSON  SPACE  CENTER 
PHONE  #  (713)  483-3022 
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RICHARD  R.  NELMS 
LANGLEY  RESEARCH  CENTER 
PHONE  NO.  (804)  865-4947 
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LEWIS  RESEARCH  CENTER 

PHONE  NO.  (216)  433-2848 
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AIAA/OAST-LM16  7/25/88 


ARCJET  FLIGHT  EXPERIMENT 
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JERRI  S.  LING 

LEWIS  RESEARCH  CENTER 

PHONE  NO.  (216)  433-2841 


ARCJET  FLIGHT  EXPERIMENT 
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DANIEL  KERRISK 

JET  PROPULSION  LABORATORY 

PHONE  NO.  (818)  354-2566 
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MOCK-UP  OF  TRIIFEX  HARDWARE  ON  SPACELAB  D-2  MISSION 
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CRYOGENIC  FLUID  MGMT  FLIGHT  EXP. 
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LEAD  CENTER  CONTACT: 

•  E.  PAT  SYMONS 

LEWIS  RESEARCH  CENTER 
PHONE  NO.  (216)  433-2853 


CFMFE 

CRYOGENIC  FLUID  MGMT  FLIGHT  EXP 


COLD-SAT  SPACFnRAFT 


INDUSTRY/UNIVERSITY  IN-SPACE 
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JON  PYLE 

NASA  HEADQUARTERS 
PHONE  NO.  (202)  453-2831 


NASA  IN-SPACE 
TECHNOLOGY  EXPERIMENTS 
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JON  PYLE 

NASA  HEADQUARTERS 
PHONE  NO.  (202)  453-2831 


AFE 

AEROASSIST  FLIGHT  EXPERIMENT 
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-  Complete  (forebody  +  afterbody)  flows  for  arbitrary  configurations 

-  Turbulent  and  unsteady  flows 
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-  In-atmosphere  navigation  sensors 

-  Fault  tolerance 


STATE  OF  THE  ART 
MATERIALS  AND  STRUCTURES 
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•  Ablation 

•  Mars  atmosphere  Interactions 


STATE  OF  THE  ART 
FLIGHT  TEST  DEFINITION 
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•  Possible  approaches  to  HEAB  flight  tests 

-  Dedicated  research  experiment 

-  Synergetic  MRSR  certification  flight 

-  MMM  joint  technology/vehicle  certification  flight 

-  Piggyback  experiments  on  Phobos  or  other  early  missions 


CURRENT  HIGH  ENERGY  AEROBRAKING  ACTIVITY 
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HIGH  ENERGY  AEROBRAKING  MILESTONES 

AND  DELIVERABLES 
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For  further  information  on  the  Pathfinder  Program, 
please  contact  the  NASA  Office  of  Aeronautics  and 
Space  Technology,  Space  Directorate,  (202)  453-2733 


Foreword 


Pathfinder  is  a  technology  initiative  that  will  allow  the 
National  Aeronautics  and  Space  Administration  (NASA)  to 
develop  critical  capabilities  to  enable  future  missions  of 
solar  system  exploration.  This  programmatic  scope 
includes  both  human  exploration  missions  as  well  as  robotic 
science  missions  and  robotic  precursors  to  later  human 
expeditions. 

Pathfinder  is  not  a  mission,  nor  is  the  program  directed 
toward  any  specific  mission  concept.  Through  Pathfinder, 
the  NASA  Office  of  Aeronautics  and  Space  Technology 
(OAST)  will  develop  critical  information  and  capabilities  in 
the  areas  of  surface  exploration,  in-space  operations, 
humans  in  space  technologies,  and  space  transfer  systems. 
Pathfinder  will  -  as  the  Apollo  program  did  during  the 
1960’s  -  push  American  technology  forward,  while  making 
future  successes  in  space  possible. 

This  document  provides  a  detailed  overview  of  Pathfinder, 
including  its  goals  and  objectives,  technical  content ,  and 
the  organization  and  management  of  the  Program. 
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Overview 


Chapter  1 

Overview 

P reject  Pathfinder  is  a  new  technology  ini¬ 
tiative  which  will  allow  the  National 
Aeronautics  and  Space  Administration 
(NASA)  to  develop  critical  capabilities  to 
enable  future  missions  of  solar  system 
Exploration.  This  programmatic  scope  in¬ 
cludes  both  human  exploration  missions  as 
well  as  robotic  science  missions  and  robotic 
precursors  to  human  expeditions. 


Venus,  and  the  Mars  Observer.  Beyond 
these  near-term  probes,  the  future  holds  still 
more  exciting  opportunities. 

Since  before  the  beginning  of  the  U.S.  civil 
space  program,  there  has  been  considerable 
speculation  about  possible  human  and  ro¬ 
botic  exploration  of  the  solar  system.  Over 
the  years,  those  speculations  have  been 
crystallized  by  numerous  formal  studies,  by 
NASA  and  others,  of  ambitious  future  mis¬ 
sions.  Recently,  the  National  Commission 
on  Space  (NCOS)  examined  the  prospects 
for  future  U.S.  space  activities  and  discov¬ 
ered  an  exciting  vista  of  possibilities. 


This  document  provides  an  overview  of  the 
Pathfinder  program,  including  not  only  its 
goals  and  objectives, 
but  also  the  technical 


and  programmatic  de¬ 
tails  of  Pathfinder,  and 
the  technology  thrusts 
and  several  element 
programs  that  make  up 
Pathfinder. 


NASA  is  working  to  reexamine  in  detail  the 
options  and  possibilities  for  future  space 


Section  1.1 
Background 

The  past  25  years  of 
the  civil  space  program 
have  presented  the 
United  States  with  a 
broad  ensemble  of 
spectacularly  success¬ 
ful  planetary  explora¬ 
tion  missions.  These 
have  spanned  the  spec¬ 
trum  from  the  earliest 
automated  spacecraft  flybys  of  the  Moon 
and  Mars,  through  the  achievement  of  the 
Apollo  program’s  piloted  missions  to  the 
Moon.  Today,  NASA  continues  that  tradi¬ 
tion  of  planetary  exploration  through  mis¬ 
sions  such  as  Galileo  to  Jupiter,  Magellan  to 


science,  space  operations,  and  the  robotic 
and  human  exploration  of  the  solar  system. 
Studying  options  for  future  human  explora¬ 
tion  is  the  responsibility  of  the  NASA 
Office  of  Exploration  (OEXP).  The  NASA 
Office  of  Space  Science  and  Applications 
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(OSSA)  is  responsible  for  robotic  explora¬ 
tion  and_  is  conducting  various  missions 
studies,  including  potential  precursors  to 
human  missions  such  as  Mars  rover  and 
sample  return  mission  concepts.  To  pro¬ 
vide  operational  support  to  these  missions, 
the  NASA  Offices  of  Space  Flight  (OSF) 
and  Space  Station  (OSS)  are  studying  ad¬ 
vanced  in-space  operational  capabilities  that 
could  be  implemented  in  the  late  1990s  or 
the  early  part  of  the  next  century  to  support 
these  ambitious  solar  system  Exploration 
missions.' 

The  common  thread  that  links  these  future 
possibilities  is  the  need  for  substantial, 
across-the-board  advances  in  space  technol¬ 
ogy,  coupled  with  the  need  for  early  infor¬ 
mation  on  the  capabilities  that  technology 
will  be  able  to  provide.  Within  NASA,  re¬ 
search  and  development  of  advanced  space 
technology  is  carried  out  by  the  Office  of 
Aeronautics  and  Space  Technology 
(OAST).  Through  the  Research  and 
Technology  (R«&T)  Base,  OAST  provides 
the  technological  foundations  for  the  U.S. 
civil  space  program.  That  foundation  is  fo¬ 
cused  through  two  programs:  CSTI^  (the 
Civil  Space  Technology  Initiative),  and 
Pathfin^r. 


Section  1.2 
Goals  and  Objectives 

There  are  three  major  goals  which  OAST 
will  achieve  through  Pathfinder.  First, 

Pathfinder  will  develop  critical  technol¬ 
ogy  opportunities  for  a  range  of  future 


1 .  Additional  information  on  NASA’s  cunent  ef¬ 
forts  in  Solar  System  Exploration  mission  stud¬ 
ies  is  provided  in  Chapter  6. 

2 .  For  infonnation  on  CSTI,  or  any  other  aspect  of 
CAST’S  programs,  please  contact  the  OAST 
Space  Directorate. 


space  missions  -  focussing  on  explora¬ 
tion  of  the  Solar  System. 

Second, 

Pathfinder  will  support  a  National  deci¬ 
sions  regarding  future  missions  in  the 
early  1990s  timeframe. 

And  lastly. 

Pathfinder  will  help  to  insure  U.S.  lead¬ 
ership  in  civil  space  technology  devel¬ 
opment. 

To  meet  those  goals,  the  Pathfinder 
Program  must  achieve  the  following  objec¬ 
tives:  Pathfinder  must 

Produce  initial  critical  research  results 
and  validate  key  capabilities  by  the 
early  1990’ s  (initial  target:  the  end  of 
1992); 

Achieve  necessary  levels  of  readiness 
and  transfer  technologies  to  mission 
users  beginning  in  the  mid-1990’s; 

Define  and  achieve  the  right  balance 
between  more  basic  research  and  fo¬ 
cused  demonstrations; 

Coordinate  Pathfinder  research  and 
technology  with  other  NASA  Offices  and 
support  on-going  NASA  mission  studies; 
and 

Build  a  lasting  partnership  among 
NASA,  U.S.  industry,  and  universities, 
in  the  implementation  of  Patffinder. 


OAST  has  formulated  the  Pathfinder 
Program  to  meet  these  goals  and  objectives. 
The  remainder  of  this  chapter  provides  a  de¬ 
scription  of  the  organization  and  manage¬ 
ment  of  Pathfinder.  Details  regarding  the 
technical  content  of  the  program  are  provid¬ 
ed  in  Chapters  2  through  5. 
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Section  1.3 

Management  &  Organization 

Pathfinder  is  a  focused  technology  pro¬ 
gram,  consisting  of  a  suite  of  research  and 
development  efforts  that  are  divided  into 
four  major  program  areas.  These  are:  (1) 
surface  exploration,  (2)  in-space  operations, 
(3)  humans  in  space,  and  (4)  space  transfer. 
In  addition,  Pathfinder  supports  studies  of 
future  human  and  robotic  solar  system  ex¬ 
ploration  missions.  Figure  1  provides  the 
Pathfinder  work  breakdown  structure 
(WBS). 

Within  each  program  area  (or  “thrust”)  are  a 
family  of  closely-related  element  programs. 
(For  example,  the  “Planetary  Rover”  is  one 
of  the  element  programs  in  the  Surface 


Exploration  program  area).  Each  element 
program  will  be  implemented  by  managers 
at  one  or  more  of  the  NASA  field  centers. 
In  most  cases,  one  of  these  Field  Centers 
has  been  asked  to  serve  as  the  “lead”  for  the 
activity.  That  leadership  responsibility  in¬ 
cludes  providing  a  technology  project  man¬ 
ager  who  will  work  closely  with  the  NASA 
Headquarters  element  managers  to  plan  a 
strong  research  and  technology  effort.  A 
systematic  hierarchy  of  plans  is  being  set  in 
place  to  integrate  the  Pathfinder  effort,  in¬ 
cluding  a  top-level  Pathfinder  Program  Plan 
and  Element  program  plans  at  NASA 
Headquarters,  and  Element  Technology 
Project  Plans  at  the  NASA  Field  Centers. 

In  the  program  area  and  element  discus¬ 
sions  which  are  provided  in  Chapters  2 
through  6,  the  specific  NASA  Headquarters 
and  Field  Center  management  assignments 
for  the  various  elements  are  provided. 


Figure  1 

Top-Level  Pathfinder  Work  Breakdown  Structure 
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Surface  Expiration 


Chapter  2 

Surface  Exploration 

The  objective  of  the  Surface  Exploration 
program  area  is  to  develop  critical  technolo¬ 
gies  to  enable  or  enhance  significantly  fu¬ 
ture  piloted  and  robotic  exploration  of  plan¬ 
etary  surfaces.  The  principal  focus  is  on 
two  mission  goals:  the  exploration  of  Mars, 
and  the  beginning  of  extended  human  oper¬ 
ations  on  the  Moon. 

The  exploration  of  planetary  surfaces  has 
been  an  important  aspect  of  Solar  System 
exploration  since  the  1960s.  Robotic  pre¬ 
cursor  spacecraft  and  piloted  Apollo  lunar 
excursion  modules  (LEMs)  visited  the  sur¬ 
face  of  the  Moon  during  the  first  decade  of 
the  U.S.  civil  space  program.  During  the 
expeditions,  a  combination  of  stationary  ro¬ 
bots  and  astronauts  using  “rovers”  provid¬ 


ed  an  exciting  glimpse  of  what  ’’surface  ex¬ 
ploration”  might  entail. 

During  the  1970s,  the  Viking  robotic  space¬ 
craft  landed  safely  on  the  surface  of  Mars 
and  conducted  numerous  experiments  while 
orbiting  spacecraft  provided  long-term  glo¬ 
bal  images  of  the  planet’s  surface. 
However,  the  Viking  spacecraft  could  not 
move  from  their  landing  sites  -  and  the  hori¬ 
zon  always  sat,  beckoning,  just  beyond  the 
reach  of  the  landers’  television  cameras  and 
scientific  instruments. 

The  Pathfinder  Surface  Exploration  pro¬ 
gram  area  will  create  the  capabilities  need¬ 
ed  to  permit  a  new  era  of  piloted  and  robot¬ 
ic  planetary  surface  exploration  expeditions. 
The  activity  consists  of  five  element  tech¬ 
nology  programs:  (1)  Planetary  Rover,  (2) 
Sample  Acquisition,  Analysis,  and 
Preservation,  (3)  Autonomous  Lander,  (4) 
Surface  Power,  and  (5)  Photonics. 


Figure  2 

Work  breakdown  structure  for  the  Pathfinder 
Surface  Exploration  Program  Area 
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Each  of  these  element  programs  is  de¬ 
scribed  in  the  subsections  which  follow. 


Section  2.1 
Planetary  Rover 

2.1.1  Technology  Requirements 

NASA's  planning  for  the  future  exploration 
of  the  Solar  System  includes  both  piloted 
and  robotic  missions  to  the  Moon  and  Mars. 
Most  -  if  not  quite  all  -  of  the  mission 
scenarios  under  consideration  include  the 
use  of  mobile  surface  vehicles  to  conduct 
exploration,  gather  samples,  and  deploy 
scientific  payloads.  Mars  rover  and  sample 
return  mission  concepts  that  are  currently 
under  study  are  one  such  potential 
application  of  "Planetary  Rover" 
technologies.  Scenarios  involving  the 
creation  of  human  installations  require 
"rovers"  to  support  both  construction  and 
surface  mining  operations;  these  systems 


may  be  autonomous,  teleoperated,  piloted, 
or  a  variable  combination  of  the  three. 

Early  applications  of  planetary  rovers  will 
be  robotic  systems  with  varying 
requirements  for  levels  of  on-board  autono¬ 
my.  Key  technologies  needed  for  robotic 
planetary  rovers  include;  surface  mobility, 
local  guidance  and  hazard  avoidance, 
compact  and  rugged  power  systems,  and  a 
degree  of  on-board  autonomy.  The 
capability  to  acquire  and  analyze  surface 
and  subsurface  samples,  to  store  those 
samples,  and  to  preserve  them  for  later 
study  and  possible  return  to  Earth  is  key  to 
the  success  of  many  planetary  rover  mission 
applications.  (Those  technologies  are 
addressed  under  the  Pathfinder  Sample 
Acquisition,  Analysis,  and  Preservation 
Program.) 


2.1.2  Technology  Assessment 

There  is  currently  no  established  program  to 
develop  and  demonstrate  in  a  systematic 
fashion  the  suite  of 
technologies  that  will  be 
required  to  make  possible 
robotic  planetary  rovers. 
Key  technologies  that  must 
be  considered  include;  (1) 
mobility,  (2)  local  guid¬ 
ance  and  navigation,  (3) 
on-board  autonomous  or 
semi-autonomous  opera¬ 
tions  (including  required 
computational  capabili¬ 
ties),  and  (4)  power  sys¬ 
tems. 


Conceptual  illustration  of  a  planetary 
rover  exploring  the  surface  of  Mars 


No  flight-qualified  com¬ 
puter  technology  now 
exists  that  will  permit  a 
reasonable  level  of  autono¬ 
my  on  a  semi-autonomous 
rover.  Means  of  mobility, 
local  guidance  and 
navigation  -  autonomous 
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and  semi-autonomous  -  across  unmarked 
and  difficult  terrain  are  at  an  early  stage  of 
development.  Some  semi-autonomous  nav¬ 
igation  systems  have  been  demonstrated  in 
very  controlled  environments,  but  they  arc 
not  yet  suitable  for  a  rover  operating  in  a 
primarily  unstructured  and/or  unknown 
environment. 

The  state-of-the-art  in  mobile  systems  is 
represented  by  high-speed,  all  terrain, 
vehicles  designed  for  battlefield  applica¬ 
tions  and  by  experimental  vehicles.  None 
of  these  is  designed  for  long-term,  low- 
speed,  autonomous  operations  in  very 
rugged  terrain.  None  have  the  capability  to 
sense  terrain  problems  (for  example,  cliffs) 
and  avoid  them.  Similarly,  no  automated 
vehicles  exist  that  are  capable  of  failure 
recovery  operations  such  as  self-righting. 

In  addition,  planetary  rover  systems  must 
also  meet  constraints  regarding  packaging 
for  flight  (for  example,  within  the  con¬ 
straints  of  a  planetary  aerobraking  aero- 
shell),  mass  constraints  for  structures  and 
mechanisms,  and  deployment  from  a 
surface  lander. 

Low-mass,  compact  power  systems  capable 
of  driving  a  mechanically  and  electronically 
complex  vehicle  over  rugged  terrain  do  not 
exist.  Modular  radioisotope  thermoelectric 
generators  (RTGs)  which  arc  projected  to 
be  the  most  probable  power  source  for 
robotic  rover  applications  are  being 
developed  under  an  existing  Department  of 
Energy  (DoE)  program,  but  the  efficiency 
of  planned  solid  state  conversion  materials 
is  low. 

The  technology  for  semi-autonomously 
identifying,  selecting,  acquiring,  and 
preparing  samples  for  analysis  is  at  a 
conceptual  stage  -  no  programs  currently 
exist.  The  state  of  the  art  in  tclcrobotic 
manipulation  systems  for  space  applications 
is  represented  by  the  ongoing  NASA 
telcrobotics  demonstration  program,  which 


is  a  part  of  the  Civil  Space  Technology 
Initiative  (CSTI). 


2.1.3  Program  Description 

The  long-term  goal  of  the  Planetary  Rover 
Program  is  to  develop  and  validate  the 
technologies  needed  to  enable  both  robotic 
and  piloted  exploration  of  various  planetary 
surfaces.  The  Planetary  Rover  Technology 
Project  will  establish  technology  options  for 
a  wide  assortment  of  potential  future  NASA 
Solar  System  exploration  missions,  and 
demonstrate  technology  readiness  for  se¬ 
lected  applications.  Planetary  Rover  efforts 
will  encompass  piloted,  teleoperated,  telero- 
botic,  and  robotic  exploration  systems  capa¬ 
ble  of  mobility  and  operations  on  planetary 
surfaces. 

The  near-term  objectives  of  the  technology 
project  are:  (1)  development  of  a  solid  foun¬ 
dation  of  systems  aniyses,  technology  re¬ 
quirements  and  planning,  and  technology 
validation  requirements  and  plans  for  the 
project;  (2)  establishment  of  an  early 
National  foundation  in  advanced  rover  tech¬ 
nology  concepts  (including  autonomy,  mo¬ 
bility,  and  guidance),  and  (3)  providing  for 
demonstrated  technology  readiness  for  both 
an  early,  and  evolutionary  rover  for  project 
robotic  Mars  rover  and  sample  return  mis¬ 
sion  concepts. 

The  near-term  program  will  also  focus  on 
developing  selected  key  technologies  for 
robotic  rovers,  demonstrating  those 
technologies  -  as  appropriate  -  in  an 
integrated  testbed,  and  conducting  studies 
of  advanced,  high-  leverage  rover 
architectures  as  well  as  programmatic  and 
technical  options  for  the  later  development 
of  piloted  rover  technologies  and  systems. 

The  Planetary  Rover  Program  will  integrate 
and  extend  the  "Autonomous  Planetary 
Rover"  work  which  is  being  conducted  in 
fiscal  years  1988,  '89,  and  '90  at  the 
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Carnegie  Mellon  University  (CMU) 
Robotics  Institute  under  a  NASA  OAST 
grant.  The  program  will  also  build  upon 
terrestrial  programs  of  the  DoD,  including 
DARPA's  strategic  computing  program  and 
autonomous  land  vehicle  program,  the 
VHSIC  advanced  computing  program,  and 
on  DoE's  modular  RTG  program. 

The  program  will  balance  research  into 
new,  high-leverage  technologies  -  such  as 
advanced  thermoelectric  conversion 
materials  and  on-board  software  for  systems 
autonomy  -  with  focused  demonstrations  of 
those  technologies  and  others  developed  by 
other  NASA  and  non-NASA  programs. 


Deliverables 

PHASE  I.  By  the  early  1990's  various  con¬ 
cepts  for  semi-autonomous  rovers  will  be 
proven  in  order  to  provide  a  basis  for 
funher  technology  and  mission  planning. 


The  current  Mars  rover  and  sample  return 
mission  study  will  provide  considerable 
source  material  for  the  formulation  of 
realistic  technology  performance  objectives 
for  the  program.  Moreover,  if  an  agency 
decision  is  made  to  move  forward  with  a 
1998-launched  robotic  Mars  exploration 
mission  program,  the  Planetary  Rover 
Program  may  be  re-scoped. 

PHASE  II.  By  the  late  1990’s,  it  is 
projected  that  the  program  will  consist  of 
two  major  segments:  (1)  incorporation  of 
advanced  navigation  and  computation  into 
robotic  rovers  for  increased  autonomy,  and 
(2)  development  of  basic  technologies  and  a 
testbed  for  piloted  rovers. 


2.1.4  Organization  and 
Management 

Work  Breakdown  Structure  (WBS).  The 
Planetary  Rover  work  breakdown  structure 


Figure  2-1 

Work  breakdown  structure  for  the  Pathfinder 
Planetary  Rover  Technology  Project 
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(WBS)  is  directed  along  technology  disci¬ 
pline  lines,  as  well  as  providing  for 
effective  management  of  rover  technology 
demonstration  activities.  Figure  2-1  pro¬ 
vides  the  WBS  for  the  program. 

Management  Structure.  The  overall 
program  will  be  managed  by  a  Program 
Manager  in  the  OAST  Information  Sciences 
and  Human  Factors  Division  (RC).  An 
Assistant  Program  Manager  for  Rover 
Power  Systems  will  be  appointed  from  the 
OAST  Energy,  Power  and  Propulsion 
Division  (RP). 

The  lead  center  for  the  Planetary  Rover 
technology  project  is  JPL.  This  center  will 
have  responsibility  for  the  development  of 
a  project  plan  and  for  administration  of  the 
plan  throughout  the  program.  A 
Technology  Project  Manager  will  be 
assigned  at  JPL  for  that  purpose. 
Participating  Centers  include:  JPL,  ARC, 
JSC,  LaRC,  and  LeRC. 


Program  Coordination.  Planetary  Rover 
efforts  will  be  closely  coordinated  with  the 
Office  of  Space  Science  and  Applications 
(OSSA)  and  the  Office  of  Exploration 
(OEXP).  Within  OAST,  coordination  will 
be  maintained  with  the  on-going  CSTI 
programs  in  the  areas  of  automation  and 
robotics  and  with  the  RM  Program  Manager 
for  the  Pathfinder  Sample  Acquisition, 
Analysis,  and  Preservation  Program.  A 
lesser  degree  of  coordination  will  be 
maintained  with  the  Pathfinder  Photonics 
Program.  General  coordination  will  also  be 
maintained  with  the  DARPA  Strategic 
Computing  Initiative,  the  SDIO  advanced 
computing  and  Very  High  Speed  Integrated 
Circuits  (VHSIC)  programs,  and  the  DoE 
RTG  and  Dynamic  Isotope  Power  System 
(DIPS)  programs. 


Resources.  In  order  to  accomplish  the 
goals  and  objectives  of  the  Planetary  Rover 


Technology  Project  as  currently  envisioned, 
resource  requirements  for  fiscal  years  1989 
to  1993  are  projected  to  be  approximately 
$105  million.  The  funding  ^location  for 
FY  1989,  the  first  year  of  the  effort,  will  be 
approximately  $5  million. 


Section  2.2 

Sample  Acquisition,  Analysis,  & 
Preservation 

2.2.1  Technology  Requirements 

Sample  Acquisition,  Analysis  and  Preserva¬ 
tion  (SAAP)  is  a  technology  program  in 
support  of  a  wide  range  of  future  unmanned 
and  manned  missions  in  which 
extraterrestrial  planetary  material  is  to  be 
acquired,  analyzed  and  preserved.  The 
initial  focus  will  be  unmanned  missions 
with  particular  emphasis  on  supporting  the 
technology  needs  of  a  Mars  rover  mission 
with  sample  return  to  Earth.  Although  the 
technologies  discussed  here  are  most 
frequently  associated  with  a  rover,  they  can 
also  be  used  on  landers,  ascent  vehicles  or 
other  surface  traversing  systems. 

Proposed  Mars  rover  and  sample  return 
mission  concepts  will  be  taken  as  represen¬ 
tative  of  an  SAAP-oriented  mission  and 
will  be  used  to  develop  a  technical  focus 
and  general  structure  for  the  first  five  years 
of  the  SAAP  program.  In  particular,  a 
Mars  rover  and  sample  return  mission 
would  use  a  sophisticated  rover  to  explore 
an  area  of  Mars  and  return  samples  to  an 
ascent  vehicle  for  return  to  Earth.  During 
traverses,  samples  in  the  form  of  rocks,  soil 
and  corings  will  be  collected.  A  basic 
requirement  is  to  obtain  fresh,  unweathered 
rock.  Environmental  control  including 
temperature,  vibration,  radiation,  etc.  will 
be  required  for  many  samples,  especially 
cores.  Once  collected,  the  samples  may 
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also  require  on-board  preparation  such  as 
crushing,  sawing,  polishing  etc.,  before 
analysis  or  storage.  Since  the  mass  that  can 
be  returned  to  Earth  is  relatively  small 
(approximately  5  kg),  careful  screening  and 
on-board  analysis  is  required  to  provide  the 
widest  range  of  information  about  the 
composition  and  structure  of  the  planet. 

The  SAAP  subsystem,  working  in  concert 
with  a  rover,  should  have  the  ability  to 
identify  promising  sites  and  locate 
scientifically  interesting  surface  samples. 
This  will  require  imaging  and  ranging 
instrumentation  to  provide  multi-spectral 
data  for  precise  sample  location.  The 
SAAP  subsystem  should  have  the  ability  to 
acquire  the  desired  samples  using 
autonomous  systems  to  generate,  pick  up 
and/or  drill  Martian  materials.  Once 
acquired,  on-board  equipment  would  pro¬ 
cess  the  samples  for  presentation  to 
instruments  or  for  storage.  Instruments  will 
determine  the  sample's  elemental,  chemical 
and  physical  properties  for  transmission  to 
Earth  and  in  order  to  make  decisions  on 
which  samples  to  keep.  The  selected 
samples  then  must  be  preserved  in  a  pristine 
condition  for  delivery  to  the  ascent  vehicle. 
On  the  ascent  vehicle,  samples  could  be 
analyzed  in  greater  detail  and/or  stored  in  a 
controlled  environment  for  return  to  Earth. 


2.4.2.  Technology  Assessment 

Our  knowledge  of  the  Martian  surface  has 
not  increased  significantly  since  the  Mars 
Viking  missions.  The  Viking  Landers 
provided  very  good  characterization  of 
general  terrain  features  and  rock  size 
distributions  (within  centimeter  accuracy), 
but  only  within  camera  view  around  the 
landing  sites.  In  addition,  detailed  surface 
maps  were  developed  by  the  Mars  Viking 
Orbiters,  but  the  best  resolution  obtained 
from  orbit  was  ten  meters.  Thus,  detailed 
features  of  most  of  the  Martian  surface  are 
basically  unknown. 


Likewise,  the  state  of  the  art  technology  for 
space-qualified,  planetary  sample  acquisi¬ 
tion,  sample  analysis,  and  sample 
preservation  has  also  not  substantially 
advanced  since  the  Viking  missions.  The 
instrumentation  included  on  the  Viking 
landers  were  an  x-ray  fluorescence  spec¬ 
trometer  to  analyze  inorganic  matter,  and  a 
gas  chromatograph  mass  spectrometer  to 
analyze  organic  material  in  the  soil.  There 
was  no  capability  to  conduct  direct 
mineralogical  analysis.  Other  major 
limitations  included:  no  ability  to  crack 
rocks  or  to  take  a  sample  more  than  a  few 
inches  below  the  surface,  and  the  x-ray 
fluorescence  spectrometer  could  only  detect 
elements  with  atomic  numbers  greater  than 
11— thus  excluding  significant  elements 
such  as  hydrogen,  oxygen,  nitrogen,  and 
carbon. 

At  the  present  time,  there  are  some  new 
analytical  instruments  being  developed  as 
part  of  a  proposed  comet  rendezvous 
mission,  the  Comet  Rendezvous/Asteroid 
Flyby  (CRAF)  mission.  These  include  a 
lightweight  spectrometer  (about  18 
kilograms),  which  is  sensitive  to  wave¬ 
lengths  between  0.3  and  5.0  microns;  a 
scanning  electron  microscope/particle 
analyzer  (about  11  kilograms);  and  a 
differential  scanning  calorimeter,  which  can 
be  used  for  mineralogical  analysis.  All 
three  instruments  may  be  adaptable  for  use 
on  an  MRSR  mission,  but  each  has  its 
limitations.  For  example,  the  spectrometer, 
although  lighter  than  the  Viking  instrument, 
still  has  the  disadvantage  of  being  only 
sensitive  to  elements  of  atomic  number 
greater  than  11.  Also,  the  calorimeter  is 
designed  for  the  ballistic  penetration  of  a 
comet  and  would  have  to  be  redesigned  for 
planetary  surface  use. 

Currently,  there  is  an  existing  team  of 
specialists  actively  working  to  define  an 
MRSR  mission  more  concretely.  They  are 
addressing  such  areas  as  acquisition 
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methodology,  instrumentation  for  analysis, 
mechanical  tools  for  acquisition,  and 
containment  and  preservation  of  samples. 
However,  there  is  no  integrated  technology 
program  in  place  to  develop  the  required 

capabilities. 


2.4.3  Program  Description 

The  Sample  Acquisition,  Analysis  and 
Preservation  element  of  Pathfinder  will 
develop  the  technologies  required  to  return 
to  Earth  scientifically  valuable  specimens 
from  a  planet’s  surface  and  near-subsurface. 
The  SAAP  element  will  concentrate  on 
enabling  technologies  in  the  following 
areas:  site  and  sample  recognition  and  se¬ 
lection,  sample  acquisition,  preparation 
and  processing,  sample  analysis,  and  stor¬ 
age  and  preservation. 

To  allow  the  widest  range  of  mission 
options,  the  program  wUl  produce  a 
technology  base  that  can  be  applied  to  a 
variety  of  mission  scenarios.  This  will  lead 
to  the  development  of  hardware  systems 
that  are  adaptive,  compact  and  rugged,  and 
software  systems  that  are  intelligent  and 
robust. 

Initially,  the  technology  developed  in  this 
element  will  be  coordinated  with  the  needs 
of  the  Mars  Sample  Return  Mission.  The 
technology  needs  will  be  prioritized  and 
only  those  technology  areas  which  are 
considered  to  be  enabling  will  be  addressed. 
The  long  range  objectives  will  be  to  address 
Project  Pathfinder's  goals  of  developing  the 
technology  which  will  enable  the  broadest 
range  of  unmanned  and  manned  missions. 

An  overall  SAAP  system  concept  design 
will  also  be  developed.  This  activity  will  be 
performed  in  close  cooperation  with  the 
Planetary  Rover  element  of  Pathfinder. 
SAAP  and  Planetary  Rover  technologies 
may  ultimately  be  integrated  to  demonstrate 
a  fully  operational  technology  base. 


The  following  technical  approach  is  being 
followed  for  SAAP:  (1)  determine  the 
technology  to  be  developed  in  each  area,  (2) 
evaluate  the  technology  readiness  and  criti¬ 
cality,  (3)  select  critical  technology  areas, 
(4)  determine  concepts  for  developing 
technology,  (5)  develop  and  test  concepts 
analytically  and  experimentally,  and  (6) 
integrate  technology  disciplines  into  a 
SAAP  testbed. 

The  program  emphasis  for  the  first  5  years 
is  delineated  in  the  following  groupings  by 
priority.  It  is  anticipated  that  all  the 
primary  and  secondary  elements  will  be 
brought  together  for  an  overall  technology 
demonstration/validation  in  the  FY  '92-  94 
timeframe.  Primary  emphasis  will  be  placed 
on:  (1)  SAAP  system  design,  (2)  site  and 
sample  recognition/selection,  (3)  sample 
preparation  and  analysis  methods,  (4)  rock 
core  drilling,  (5)  sample  acquisition  tools, 
and  (6)  containment  concepts.  Secondary 
emphasis  will  be  placed  on:  (1)  long-term 
environmental  control,  (2)  soil  coring  and 
(3)  integrated  testbed  development.  These 
areas  will  emphasized  more  heavily  during 
the  second  phase  of  the  program.  In 
particular,  the  testbed  will  be  developed 
from  a  laboratory  system  into  an  integrated 
transportable  system  and  used  for  "field" 
experiments  in  an  appropriate  earth-based 
environment. 

Deliverables 

Under  this  program,  sample  acquisition, 
analysis,  and  preservation  technologies  will 
be  developed  in  two  phases. 

PHASE  1.  By  the  early  1990's,  key  en¬ 
abling  technology  concepts  will  be 
developed  to  support  late- 1990  sample 
return  missions,  and  to  aid  in  the 
development  of  a  long-range  NASA 
technology  program.  An  overall  SAAP 
system  conceptual  design  will  be  developed 
which  will  lead  to  an  integrated  testbed. 
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This  will  include  identifying  all  key 
functional  elements  of  a  SAAP  system,  how 
these  elements  work  together  and  the 
mechanical  and  operational  concepts.  In 
addition,  a  comprehensive  evaluation  of  the 
state  of  the  art  of  each  technology  discipline 
will  be  initiated  and  new  technology  will 
be  developed  to  fill  in  the  gaps.  An 
evaluation  of  physical,  elemental,  and 
chemical  analysis  methods  will  be 
conducted,  a  concept  for  a  complete  sample 


analysis  system  will  be  defined,  and 
concepts  to  overcome  key  technology 
barriers  will  be  developed.  Concepts  will 
also  be  developed  for  the  selection, 
identification  and  the  acquisition  of  samples 
as  well  as  for  containing  and  preserving  the 
planetary  samples  so  that  they  may  be 
returned  to  Earth  in  a  pristine  condition.  In 
addition,  concepts  for  specialized  tools  will 
be  developed  for  surface  and  subsurface 
sample  collection  such  as  drilling  and 
coring.  Laboratory  hardware  will  be 
developed  for  validation  in  an  laboratory 
testbed  environment. 


PHASE  n.  By  the  late  1990's,  concepts 
and  hardware  will  be  developed  to  the 
point  that  work  could  be  initiated  on  a  flight 
system.  Key  issues  involving  space 
durability  (especially  in  a  Martian  environ¬ 
ment)  will  be  identified  and  satisfied.  A 
laboratory  testbed  with  realistic  operational 
capability  will  be  developed  and  tested  in 
an  "open"  earth-based  environment  to 
validate  systems-level  capability  of  the 
overall  SAAP  concept. 


2.4.4  Organization  and 
Management 

Work  Breakdown  Struc¬ 
ture.  The  SAAP  work  break¬ 
down  structure  (WBS)  is  out¬ 
lined  in  figure  2-2.  The  WBS 
for  the  program  will  consist 
of  five  tasks:  (1)  site  and 
sample  selection,  (2)  sample 
acquisition,  (3)  sample  analy¬ 
sis,  (4)  sample  containment 
and  preservation,  and  (5) 
system  design.  Site  and 
Sample  Selection  will  focus 
on  developing  methods  to 
survey  a  possible  site  remote¬ 
ly  and  identify  potential 
samples  for  analysis.  Sample 
Analysis  will  develop 
technology  to  enable  physicd 
and  chemical  instrumentation  to  be 
developed  for  a  rugged  compact  SAAP 
system  and  associated  methods  for  assuring 
efficient  use  of  on-board  instrumentation 
and  on-board  interpretation  of  analytical 
data.  Sample  Containment  and  Preservation 
will  develop  materials  and  concepts  to 
assure  Earth  return  of  samples  in  pristine 
condition.  System  Design  will  develop 
concepts  for  an  integrated  SAAP  system 
and  will  design  and  build  a  SAAP  testbed 
representative  of  such  a  system. 


Artist's  conception  of  a  core  sample 
being  analyzed  after  being  obtained  from 
below  a  planetary  surface 
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Figure  2-2 

Work  breakdown  structure  for  the  Pathfinder  Sample 
Acquisition,  Analysis,  &  Preservation  Technology  Project 


Management  Structure.  The  overall 
program  will  be  monitored  by  a  Program 
Manager  in  the  OAST  Materials  and 
Structures  Division  (RM).  A  technical 
advisory  committee  will  be  established  to 
review  the  course  of  planning  and  progress 
and  to  advise  the  RM  program  manager. 
The  advisory  committee  will  include 
members  from  several  OAST  Divisions, 
including  RS  and  RC,  and  from  OSSA  and 
OEXP. 

The  Jet  Propulsion  Laboratory  (JPL)  has 
been  identified  as  the  lead  center  for  the 
program.  JPL  will  appoint  an  SAAP 
Technology  Project  Manager.  The 
Technology  Project  Manager  will  have 
responsibility  for  technology  integration  of 
all  activities,  planning,  and  reporting.  Other 
participating  centers  will  include  the 
Johnson  Space  Center  (JSC)  and  the  Ames 
Research  Center  (ARC). 

An  SAAP  Technology  Working  Group  will 


be  created.  It  will  be  chaired  by  the  JPL 
SAAP  Technology  Project  Manager  and 
will  contmn  members  from  each 
participating  program  center,  and  from  the 
Pathfinder  Planetary  Rover  Program.  The 
group  will  be  the  primary  mechanism  for 
coor^nating  planning  for  the  program,  for 
ensuring  that  the  various  elements  are 
technicdly  integrated  (especially  the  Mars 
rover  and  sample  return  mission  study  and 
the  Pathfinder  Planetary  Rover  Program), 
and/or  providing  technical  peer  review. 


Program  Coordination.  The  program  will 
be  coordinated  with  the  on-going  OAST 
Research  and  Technology  Base  program, 
with  the  other  elements  of  Pathfinder  (in 
particular,  with  the  Planetary  Rover 
Program)  with  a  Mars  rover  and  sample  re¬ 
turn  mission  concept,  with  the  Office  of 
Exploration  (OEXP),  and  with  the  Office  of 
Space  Science  and  Applications  (OSSA). 
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Resources.  To  accomplish  the  goals  and 
objectives  discussed  above,  the  resource  re¬ 
quirements  of  the  Sample  Acquisition, 
Analysis,  and  Preservation  Technology 
Project  have  been  projected  to  be  approxi¬ 
mately  $24  million  for  fiscal  years  1989 
through  1993.  The  funding  allocation  for 
FY  1989  will  be  at  the  $1  million  level. 


Section  2.3 
Autonomous  Lander 

2.3.1  Technology  Requirements 

NASA's  planning  for  the  future  exploration 
of  the  Solar  System  includes  both  piloted 
and  robotic  missions  to  the  Moon  and  Mars. 
In  particular,  a  robotic  Mars 
rover  sample  return  mission, 
a  piloted  expedition  to  Mars, 
and  the  installation  of  a 
human  outpost  on  the  Moon 
are  all  being  studied.  The 
success  of  each  of  these 
projects  will  require  the 
capability  to  land  a  planetary 
exploration  spacecraft  safely 
in  the  face  of  surface  hazards 
such  as  rocks  and  slopes,  and 
accurately,  close  enough  to 
scientifically-interesting 
targets  to  meet  mission 
requirements. 

Generic  Solar  System 
exploration  mission 

requirements  associated  with 
surface  landings  include:  (1) 
acceptable  levels  of  risk 
during  landing,  (2)  non- 
excessive  structural  mass 
needed  to  survive  touchdown  in  the  vicinity 
of  large  rocks  and  steep  slopes,  and  (3) 
acceptable  limits  on  the  operational 
resources  required  to  survey  a  target  area 


until  an  acceptably  "safe"  landing  site  is 
located.  In  addition,  round-trip-light-time 
(RTLT)  communications  delays  will 
preclude  the  use  of  ground-based  control  of 
surface  landing  operations.  In  the  case  of  a 
robotic  mission  to  Mars,  RTLT  delays  can 
be  on  the  order  of  twenty  minutes; 
therefore,  the  landing  on  Mars  must  be 
made  without  real-time  human  control.  In 
the  case  of  piloted  Mars  expeditions  (RTLT 
delay  approximately  20  minutes)  or  a  Lunar 
outpost  (RTLT  delay  approximately  2  1/2 
seconds),  landings  will  be  made  using  only 
local  -  not  Earth-based  -  human  control. 

Therefore,  approaches  considered  for  lander 
technologies  must  be  consistent  with  the 
rigorous  constraints  associated  with  deep 
space  spacecraft;  these  include  constraints 
on  power,  mass,  volume,  and  on-board 
computing  capacity.  (Within  a  program, 
any  approach  is  also  constrained  by 


projected  schedules  for  the  implementation 
of  these  missions.)  For  example,  assuming 
a  Titan  IV/Centaur  launch  vehicle  and  the 


The  capability  to  land  precisely  and  to  avoid  surface  haz¬ 
ards  will  greatly  improve  the  reliability  and  returns  from 
future  surface  exploration  missions 
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use  of  aerocapture  for  Mars  orbit  insertion, 
a  landed  mass  on  the  order  of  one  thousand 
kilograms  (1000  kg)  could  be  achieved  for  a 
Mars  rover  and  sample  return  mission  mis¬ 
sion.  Clearly,  one  critical  mission 
requirement  will  be  for  the  Mars  Lander's 
landing  hazard  avoidance  system  to 
consume  only  a  small  portion  of  that 
available  mass  (perhaps  approximately  100 
kg). 

In  the  areas  of  guidance,  navigation,  and 
control  (GN&C)  mission  requirements  will 
necessitate  the  capability  for  a  precision 
landing,  for  example  within  a  one  kilometer 
(1  km)  error  ellipse  around  the  landing 
target.  Also,  local  hazard  detection  and 
avoidance  will  be  required  during  the 
terminal  phase  of  a  landing;  for  example, 
the  final  six  kilometers  of  altitude  and 
ninety  seconds  of  time  during  which  the 
lander  will  utilize  a  parachute  followed  by  a 
terminal  descent  engine  to  achieve  a  soft 
landing. 


2.3.2  Technology  Assessment 

Two  robotic  Viking  spacecraft  landed 

safely  on  Mars  in  1976  without  the 
capability  to  detect  and  avoid  surface 

hazards.  However,  a  post  mission  analysis 
indicates  that  there  was  a  non-negligible 
probability  (>10%)  of  landing  failure  due  to 
surface  hazards.  In  the  Apollo  program,  the 
crew  provided  on-board,  real-time  control 
in  case  the  need  arose  to  avoid  a  Lunar 
surface  hazard  during  the  final  moments  of 
landing. 

The  Space  Shuttle  has  an  "autoland" 
system;  however,  it  depends  on  the 

existence  of  surface  navigation  aids. 

Therefore,  although  in  general  NASA  has 
demonstrated  a  landing  capability,  it  has  not 
demonstrated  the  technology  required  for 
autonomous  landers.  The  technical  chal¬ 
lenge  for  Solar  System  exploration  systems 
lies  in  detecting  an  acceptable  landing  point 


close  to  a  preselected  target  site,  based  on 
limited  information,  and  landing  safely 
there. 

In  the  image  analysis  technology 
community,  many  techniques  have  been 
developed  for  detecting  objects  in  images 
and  performing  specific  processes  (such  as 
labeling)  on  those  objects.  However,  there 
has  been  no  focus  on  detecting  hazards  in 
real-time  and  avoiding  them  via  an 
integrated  GN&C  system  for  the  purpose  of 
a  safe,  high-speed  landing  on  a  planetary 
surface. 


2.3.3  Program  Description 

The  goal  of  the  Pathfinder  Autonomous 
Lander  Program  is  to  develop  and 
demonstrate  the  technology  required  to  land 
a  planetary  exploration  spacecraft  safely  in 
the  face  of  surface  hazards  provided  by 
rough  terrain,  while  still  landing  close 
enough  to  the  intended  target  site  to  meet 
mission  requirements.  In  order  to  achieve 
this  goal,  the  program  will  be  designed  to 
achieve  the  following  objectives: 

(1)  Establish  mission  constraints  and 
requirements, 

(2)  Develop  and  demonstrate  the 
technology  required  to  enable  precision 
landing  at  a  preplanned  site,  and 

(3)  Develop  and  demonstrate  the 
technology  required  to  enable  real-time 
hazard-avoidance  during  final  landing 
stages.  This  will  require  specific  advances 
in  the  areas  of  sensors  for  hazard  detection, 
algorithms  for  image  matching,  scene 
understanding  and  guidance,  and  real-time 
image  processing. 

The  Autonomous  Lander  Program  will 
follow  a  general  strategy  of  systems 
analysis  and  evaluation  using  simulation, 
followed  by  instrument  and  algorithm 
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development,  followed  by  demonstrations. 
The  demonstradons  will  be  performed  first 
using  a  ground  testbed  and  dien  via  simple 
1 -gravity  atmospheric  flight  tests. 

Some  initial  systems  analysis  work 
conducted  by  a  Mars  rover  and  sample  re¬ 
turn  mission  study  during  its  current  pre- 
Phase  A  activities  suggests  that  candidate 
technical  approaches  to  the  safe  landing 
problem  may  be  divided  into  two  classes: 
first,  the  "precision  landing  class",  and 
second,  the  "hazard  detection  and  avoidance 
class".  The  early  efforts  of  the  Autonomous 
Lander  Program  will  be  organized  on  that 
basis. 

The  program  will  begin  with  the  definition 
of  mission  requirements  and  constraints. 
This  activity  will  cover  the  full  range  of 
missions  that  will  require  autonomous 
landing  capabilities,  including  both  Lunar 
and  Mars  missions.  Initial  efforts  will  focus 
on  the  approaches  required  for  the  project 
robotic  Mars  Rover/Sample  Return  mission. 
Mission  requirements  and  constraints  will 
be  identified  by  the  end  of  the  first  year  of 
the  program. 

Deliverables 

At  the  end  of  the  first  year,  woric  will  begin 
on  a  relatively  simple  prototype  system  that 
will  demonstrate  the  current  state-of-the-art 
in  several  critical  technologies.  This 
prototype  system  will  be  used  to  better 
identify  the  technology  areas  that  need 
further  advancement.  Although  this 
approach  will  provide  a  focus  for  early 
technology  efforts,  it  will  not  exclude 
research  and  development  of  more 
advanced  techniques  that  are  not  yet  ready 
for  demonstration. 

Development  needed  to  address  the  two 
major  issues  in  autonomous  landing  will 
also  begin  in  the  first  year  of  the  technology 
base.  These  two  areas  are  (1)  precision 
landing  at  a  pre-idcntificd  location,  and  (2) 


hazard  avoidance  during  the  final  stages  of 
landing  (which  can  include  real-time  site 
selection  during  the  landing  process). 

Technologies  for  precision  landing  at  a  pre¬ 
identified  location  are  closer  to  being  state 
of  the  art  today  and  will  be  the  first 
technical  area  to  reach  readiness  under  this 
program.  By  the  end  of  the  second  year,  the 
technology  in  this  area  will  be  demonstrated 
by  simulation.  By  the  third  year, 
technology  in  this  area  will  be  ready  for 
insertion  into  a  testbed  for  high-fidelity 
demonstration. 

The  more  challenging  and  more  desirable 
technology  area  is  the  development  of  the 
capability  to  choose  the  final  landing  site  in 
re^-time.  The  objectives  during  this  phase 
of  the  landing  will  be  to  avoid  any  specific 
hazards  that  were  not  identified  prior  to  site 
selection,  or  to  maximize  the  probability  of 
good  scientific  value  for  the  mission. 
Technological  development  to  address  this 
issue  will  require  significant  advancements 
in  a  number  of  related  areas;  these  include 
real-time  image  processing,  on-board 
computing,  and  sensors  for  hazard 
detection.  These  technologies  will  be 
demonstrated  in  simulators  by  the  end  of 
the  sixth  year  of  the  program  and  will  be 
ready  for  testbeds  in  the  following  year. 

Flight  tests  of  the  techniques  that  have  been 
demonstrated  in  ground  testbeds  will  occur 
in  the  fifth  and  eighth  years  of  the  program. 
These  flight  tests  are  envisioned  as  1-g  tests 
that  will  demonstrate  the  techniques,  but 
will  require  compensation  for  the  Earth 
gravity.  The  system  that  will  actually  be 
flown  on  planetary  missions  will  probably 
be  a  combination  of  both  the  precision 
landing  capability  and  the  hazard  avoidance 
technologies  that  will  be  developed  in  this 
program.  Clearly,  the  mission  application 
system  will  be  optimized  to  make  the  best 
use  of  on-board  computing  power  and  pre¬ 
landing  available  site  information. 
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Figure  2-3 

Work  breakdown  structure  for  the  Autonomous 
Lander  Technology  Project 


2.3.4  Organization  and 
Management 

Work  Breakdown  Structure.  The  work 
breakdown  structure  (WBS)  is  divided  into 
systems  engineering  activities  and  into 
several  classes  of  issues  and  approaches  to 
the  autonomous  landing  problem  as 
described  in  the  Technical  Approach  above; 
these  are  Precision  Landing  and  Hazard 
Detection  and  Avoidance.  The  preliminary 
work  breakdown  structure  (WBS)  thus 
consists  of  three  elements.  Figure  2-3  pro¬ 
vides  the  preliminary  WBS  for  the 
program.  This  WBS  will  be  revised  and 
refined  during  the  course  of  the  next  several 
months  of  detailed  program  planning. 


"Autonomous  Lander  Working  Group", 
which  is  made  up  of  representatives  from 
the  NASA  Centers  having  those  NASA 
Offices  that  would  be  potential  users  of  this 
technology. 

The  lead  center  for  the  Autonomous  Lander 
Technology  Project  will  be  JSC.  Planning, 
integration  and  reporting  will  be  performed 
by  the  NASA  Center  coordinator. 
Quarterly  technology  project  reports  will  be 
submitted  to  OAST  which  track  progress 
against  Level  1  schedules  and  identify  any 
problems,  issues,  or  significant 
accomplishments.  Additional  NASA 
centers  will  be  designated  as  needed  to 
implement  specific  tasks  within  the 
technology  project. 


Management  Structure.  The  Autonomous 
Lander  Program  will  be  managed  by  a 
Program  Manager  in  the  Information 
Sciences  and  Human  Factors  Division  of 
OAST  (RC).  Program  advice  and 
coordination  will  be  provided  by  the 


Program  Coordination.  This  program  will 
require  coordination  with  the  following 
NASA  offices  and  programs:  (1)  the  piloted 
exploration  mission  definition  studies  of  the 
Office  of  Exploration  (OEXP),  (2) 
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development  programs  for  high-capacity, 
flight-qualified  computers  being  conducted 
by  OAST,  (3)  the  Mars  Observer  Flight 
Project  being  conducted  by  the  Office  of 
Space  Science  and  Applications  (OSSA), 
and  (4)  the  Mars  Rover/Sample  Return 
mission  study  being  conducted  by  OSSA. 
Coordination  with  the  two  OSSA  programs 
is  important  because  of  the  lack  of  detailed 
information  about  the  surface  of  Mars  in  the 
one  meter  object  size  range,  which  makes  it 
difficult  to  assess  the  degree  of  hazard  at 
potential  landing  sites.  Coordination  with 
space  computing  technology  developments 
is  also  critical  because  some  of  the 
candidate  approaches  require  a  real-time, 
on-board  image  processing  capability. 


Resources.  Resource  requirements  for  the 
Autonomous  Lander  Technology  Project 
for  the  fiscal  years  1989  through  1993  are 
approximately  $32  million.  The  funding  al¬ 
location  for  1989  will  be  at  $1  million. 


Section  2.4 
Surface  Power 

2.4.1  Technology  Requirements 

NASA's  planning  for  the  future  exploration 
of  the  Solar  System  includes  both  piloted 
and  robotic  missions  to  the  Moon  and  Mars. 
A  substantial  technology  challenge  for  cur¬ 
rent  and  projected  space  power  systems  ca¬ 
pabilities  is  the  support  for  human  expedi¬ 
tions  to  the  Moon,  Mars  and  its  moons,  and 
human  operations  on  the  Moon  and  later 
Mars.  Although  the  high  levels  of  power 
associated  with  an  operational  outpost  - 
somewhere  in  the  1000  kilowatt  range  -  will 
require  space  nuclear  power  systems, 
during  the  installation  of  those  permanent 
systems,  power  systems  based  on  solar 
energy  show  the  greatest  promise.  Such 


relatively  small,  solar  energy-based  power 
systems  will  also  be  required  as  emergency 
and/or  back-up  power  sources. 

Low  system  mass  for  a  given  power  level  is 
a  critical  requirement  in  order  to  reduce 
transportation  costs.  Another  requirement 
is  for  appreciable  system  lifetimes  - 
including  dormancy  and  storage  -  in  order 
to  ensure  highly  reliable  power  availability. 
Relatively  high  power  level  requirements 
are  projected  in  order  to  support  a  Lunar 
outpost  of  four-to-six  astronauts.  The  pro¬ 
jected  power  output  requirement  is 
approximately  twenty-five  ktilowatts  (25 
kW),  but  may  reach  one  hundred  kilowatts 
(100  kW)  through  modular  implementation. 

In  a  Lunar  application,  the  period  of 
darkness  extends  for  two  weeks;  a  Mars 
application  presents  a  more  manageable  12 
hour  night.  Both  applications  require  very 
high  energy  density  power  storage  systems. 
The  low  insolation  on  Mars  (43%  that  of 
Earth),  coupled  with  reduced  gravity  (1/3 
gravity  for  Mars,  1/6  gravity  for  the  Moon), 
require  high  area  power  density,  and  low 
mass  power  generation  systems  of  a  robust 
design. 

The  Mars  environment  (including  dust, 
wind,  and  a  COj  atmosphere)  and  the  Lunar 

environment  (including  dust,  radiation,  and 
wide  temperature  variations)  will  require 
unique  design  approaches  in  both  power 
generation  and  energy  storage.  That  design 
challenge  will  be  compounded  by 
requirements  to  provide  intermittent 
operation  following  extended  periods  of 
inactivity. 

In  addition  to  the  primary  application  of 
surface  power  technologies  for  piloted 
Lunar  and  Mars  missions,  surface  power  ef¬ 
forts  may  also  be  directed  toward  power 
systems  in  the  one  kilowatt  (1  kW)  range. 
Such  power  systems  could  be  applied  in 
robotic  surface  precursor  missions,  or  more 
generally  in  space  vehicles. 
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2.4.2  Technology  Assessment 

Regenerative  fuel  cell  energy  storage 
systems  offer  a  twenty-fold  (20:1)  increase 
in  specific  energy  over  state  of  the  art  elec¬ 
trochemical  energy  storage  technologies  in 
conventional  applications.  In  meeting  the 
long  duration  storage  requirements  associat¬ 
ed  with  Lunar  applications,  this  advantage 


may  be  even  greater.  At  present, 
regenerative  fuel  cell  technology  is  at  a  low 
level  of  maturity.  Apollo  and  Space  Shuttle 
state  of  the  an  fuel  cell  technology  is 
limited  to  a  primary  configuration,  without 
regeneration,  at  a  relatively  low 
performance  level.  Increasing  the  operating 
temperature  by  means  of  increased  current 
density  will  improve  performance,  yet  the 
oxygen  electrode  catalyst  -  a  critical 
component  in  a  fuel  cell  stack  -  has  not 
been  developed  to  withstand  lengthy  high 

temperature  (250°F)  operation.  Commen¬ 
surate  with  the  need  for  higher  temperature 


operation  are  requirements  for  efficient  and 
reliable  themial,  gas,  and  liquid 

management  technologies  in  the 
regenerative  configuration.  Bi-functional 
catalysts,  if  proven  viable,  will  greatly 
reduce  the  complexity  and  mass  of  a 
regenerative  fuel  cell.  In  the  regenerative 
configuration,  several  design  concepts  must 
be  evaluated  on  a  system  level.  Not  only 
must  the  system  performance  potentials  be 
identified  and  quantified,  but  also  the  tech¬ 
nological  barriers  to 
materials 

compatibility,  gas¬ 
eous  and  liquid  stor¬ 
age  and  transfer  must 
be  identified,  quanti¬ 
fied,  and  resolved. 

Space  power  genera¬ 
tion  via  photovoltaic 
cells  has  a  demon¬ 
strable  specific 

power  of  about  sixty 
watts  per  kilogram 
(60  W/kg).  Recent 
designs  are  closer  to 
one  hundred  and 
thirty  watts  per  kilo¬ 
gram  (130  W/kg). 
However,  the  space 
array  concepts  asso¬ 
ciated  with  these 
designs  have  not 
been  developed  for 
surface  applications;  they  require 
modification  -  or  new  concepts  -  for 
evaluation  of  potential  applications  in  the 
non-zero-gravity  conditions  on  the  Lunar 
and  Mars  surfaces.  Photovoltaic  cell  and 
blanket  technology  advances  that  improve 
the  state  of  the  art  2  mil  silicon  technology 
will  contribute  significantly  to  the  three 
hundred  watts  per  kilogram  (300  W/kg) 
photovoltaic  array  goal.  Amorphous 
silicon,  primarily  a  terrestrial  technology, 
has  been  fabricated  on  flexible  substrates 
and  is  compatible  with  low  volume  storage 
requirements  for  space  applications. 


Astronauts  laying  out  a  photovoltaic 
array  on  the  surface  of  Mars 
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Performance  must  be  upgraded  to  meet 
surface  power  requirements  for  stability, 
longevity,  and  high-efficiency. 

In  general,  power  generation  via  advanced 
solar  dynamic  technologies  appears  to  offer 
no  mass  advantage  over  advanced 
photovoltaic  systems.  However,  the 
potential  advantages  of  obtaining  processed 
heat  as  a  by-product,  the  state  of  maturity  of 
solar  dynamic  systems,  their  scalability,  and 
their  package  ability  demand  evaluation  of 
the  technology  barriers  peculiar  to  surface 
missions.  The  concentrator,  heat  receiver, 
and  energy  conversion  system  may  be 
affected  adversely  by  the  Lunar  or  Mars  en¬ 
vironments  as  well. 

Photovoltaic  power  generation  historically 
has  relied  on  electrochemical  energy 
storage  technologies.  However,  solar 
dynamic  power  systems  have-  traditionally 
utilized  thermal  energy  storage  techniques. 
The  latter  will  require  modified  approaches 
-  including  the  use  of  regenerative  fuel  cell 
electrochemical  energy  storage  -  in  order  to 
meet  the  lengthy  d^k  periods  associated 
with  surface  operations.  Replacing  thermal 
energy  storage  systems  with 
electrochemical  energy  storage  will  permit 
a  substantial  reduction  in  solar  dynamic 
system  mass.  Hence,  there  is  a  potential 
five- fold  (5:1)  improvement  in  specific 
power  for  photovoltaic  arrays  and  a  three¬ 
fold  (3:1)  improvement  for  solar  dynamic 
systems.  These  technological  advances 
would  result  in  a  substantial  mass  savings 
for  either  a  Lunar  or  Mars  surface 
application. 


2.4.3  Program  Description 

The  objectives  of  the  Surface  Power 
Program  are  to  develop  a  technology  base 
that  will  suppon  the  development  of  space 
power  systems  capable  of  delivering  tens  of 
kilowatts  of  user  power,  thereby  enabling 
future  human  space  operations.  The  goal  is 


to  provide  Lunar  surface  operations  power, 
start-up  power  for  a  main  outpost  power 
system,  piloted  Mars  expedition  surface 
power,  and  power  for  Phobos  and/or 
Deimos  operations. 

In  cases  of  sustained  base  operations,  it  is 
anticipated  that  the  start-up  solar  power  sys¬ 
tem  will  later  serve  as  an  emergency  power 
source  for  the  expected  nuclear  power  sys¬ 
tem.  To  accomplish  these  objectives,  ap¬ 
propriate  solar-based  technologies  will  be 
developed  to  a  sufficient  level  of  technolo¬ 
gy  readiness  to  assure  confidence  in  the  var¬ 
ious  potential  mission  applications. 
Breadboard  verification  of  key  component 
technologies  will  be  followed  by  ground- 
based  system  verification  tests  of  integrated 
power  generation  and  energy  storage  tech¬ 
nologies.  It  has  been  determined  that  the 
highest  potential  for  successfully  achieving 
demonstrated  surface  power  capabilities  lies 
in  the  development  of  power  generation 
systems  utilizing  either  photovoltaic  or 
solar  dynamic  technologies.  Due  to  the 
length  of  the  dark  period  on  the  Lunar  or 
Martian  surfaces,  both  power  generation  ap¬ 
proaches  dictate  the  use  of  regenerative  fuel 
cells  for  energy  storage. 


The  near-term  program  will  include  systems 
analyses  based  on  various  mission  scenarios 
for  both  Mars  and  Lunar  surface 
applications;  these  will  result  in  trades  and 
concepts  for  potential  system  designs. 
These  systems  analyses  will  systematically 
develop  surface  power  technology 
requirements  -  including  critical  technology 
barriers  -  that  will  be  used  to  help  guide 
subsequent  program  planning. 

The  program  will  address  energy  storage 
technology,  with  the  focus  on  regenerative 
fuel  cells.  It  will  encompass  several 
component  technologies,  including  devel¬ 
opment  of  high  temperature  oxygen 
electrode  catalysts  in  conjunction  with  light 
weight,  high  temperature  structure 
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components.  Gas,  liquid,  and  thennal 
management  innovations  will  be  evaluated 
against  the  goal  of  reducing  complexity 
while  increasing  life.  Emerging  light 
weight,  robust  tank  technologies  for 
gaseous  reactant  storage,  an  enabling 
technology  for  very  high  energy  density 
regenerative  fuel  cells,  will  be  evaluated. 
Selected  ground-based  breadboard 
evaluations  will  be  used  to  validate  the 
system  performance  potentials  of  critical 
components. 

Efforts  in  amorphous  silicon  photovoltaic 
cell  technology  will  be  directed  at  increased 
efficiency,  reduced  mass,  and  improved 
lifetime  and  reliability.  Blanket  and 
interconnection  technology  advances  will 
be  developed.  Array  concepts,  derived 
from  current  technologies  and  concepts, 
will  be  evaluated  leading  to  key  critical 
component  fabrication  and  validation  with 
promising,  available,  and  appropriate  cell 
and  blanket  technologies. 

Solar  dynamic  power  generation  efforts  will 
be  limited  to  studies  and  critical  technology 
verification  as  appropriate.  The  studies  will 
focus  on  identifying  technical  barriers 
resulting  from  a  novel  systems  approach  in 
unique  Lunar  or  Mars  environments.  These 
technical  barriers  to  a  viable  solar  dynamic 
power  generation  system  will  be  evaluated 
in  light  of  ongoing  programs  in 
concentrators,  receivers,  and  energy  conver¬ 
sion  systems. 


Deliverables 

PHASE  I.  Promising  technologies  -  as 
well  as  systems  to  be  pursued  -  will  be 
guided  by  system  and  mission  analysis  to  be 
completed  in  the  first  eighteen  months  of 
the  program.  By  mid- 1991,  promising 
energy  storage  component  technologies  will 
be  identified  with  breadboard  verification 
completed  by  1993.  Prototype  blanket 
technology  will  be  verified  by  1994.  Key 
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prototype  array  components  under 
fabrication  by  1993  will  reflect  promising 
design  concepts  that  have  been  previously 
evaluated. 

PHASE  n.  During  Phase  n,  and  by  the 
mid-  to  late-  1990s,  a  prototype  testbed 
power  system  using  outputs  from  Phase  I  of 
the  program  will  be  fabricated.  Power 
generating  and  energy  storage  systems  will 
be  built  and  integrated  into  power  systems 
and  tested  to  verify  design  concepts  for 
future  flight  hardware  fabrication. 

2.4.4  Organization  and 
Management 

Work  Breakdown  Structure.  The  work 
breakdown  structure  (WBS)  is  directed 
along  technology  discipline  lines,  with 
integration  and  coordination  functions 
performed  by  the  Power  Technology 
Division  at  the  Lewis  Research  Center 
(LeRC).  Figure  2-4  provides  a  top-level 
WBS  for  the  program. 

Management  Structure.  The  overall 
program  will  be  managed  by  a  Program 
Manager  in  the  OAST  Energy,  Power,  and 
Propulsion  Division  (RP). 

Technology  Project  management  responsi¬ 
bility  will  reside  in  the  Power  Systems 
Integration  Office  at  LeRC.  The  program 
manager  will  have  the  responsibility  of  co¬ 
ordinating  with  other  programs  and 
Pathfinder  elements  to  avoid  duplication  of 
efforts  and  to  ensure  that  all  technologies 
arc  being  adequately  addressed.  The 
Technology  Project  Manager  will  have  re¬ 
sponsibility  for  leading  the  development  of 
a  technology  project  plan  and  for  the  imple¬ 
mentation  of  the  project  throughout  its  du¬ 
ration.  All  participating  centers  will  be  re¬ 
sponsible  to  the  Technology  Project 
Manager  for  all  matters,  including  resourc¬ 
es,  project  responsibilities,  and  administra¬ 
tive  duties  pertaining  to  reporting,  schedule. 
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Figure  2-4 

Work  breakdown  structure  for  the  Pathfinder 
Surface  Power  Technology  Project 


and  milestones.  The  project  manager  will 
also  have  the  responsibility  of  insuring  that 
specific  technology  efforts  are  coordinated 
through  matrixed  responsibilities  in  each 
technology  discipline.  The  project  manager 
will  utilize  discipline  branches  within  the 
LcRC  Technology  Power  Division  as  well 
as  expertise  available  in  the  LeRC 
Advanced  Space  Analysis  Office,  the  Jet 
Propulsion  laboratory,  the  Johnson  Space 
Center,  and  other  NASA  Centers  as  appro¬ 
priate. 

LeRC  will  have  responsibility  for  leading 
the  development  of  a  Technology  Project 
Plan  and  for  administration  of  the  plan 
throughout  the  program.  All  participating 
centers  will  be  responsible  to  the  program 
manager  in  RP  for  all  questions  involving 
resources  and  program  responsibility.  They 
will  be  responsible  to  the  lead  center  in 
administrative  matters  pertaining  to 
reporting,  scheduling  and  milestones. 


Program  Coordination.  The  Surface 
Power  element  of  Pathfinder  will  be 
coordinated  with  other  appropriate  pro¬ 
grams  established  in  the  OAST  Space 
Research  and  Technology  (R&T)  Base 
program,  in  the  Civil  Space  Technology 
Initiative  (CSTI),  and  with  other  elements 
of  Pathfinder.  Mission  scenario  develop¬ 
ments  will  be  coordinated  with  the  Office  of 
Exploration.  Technical  advances  realized 
by  the  Space  Station  program  and  non- 
NASA  space  programs  will  be  incorporated 
into  overall  program  planning  as  appropri¬ 
ate. 


Resources.  Resource  requirements  for  fis¬ 
cal  years  1989  through  1993  are  approxi¬ 
mately  $36.5  million.  The  funding  alloca¬ 
tion  for  FY  1989  is  $1.5  million. 


2-18 


462 


Surface  Exploration 


Section  2.5 
Photonics 

2.5.1  Technology  Requirements 

NASA'S  planning  for  the  future 
exploration  of  the  solar  system  includes 
missions  requiring  both  extremely 
powerful  information  processing  systems, 
and  computers  and  networks  with  a  high 
degree  of  fault  tolerance.  The  emerging 
technology  of  photonics  can  play  a  key 
role  in  meeting  these  needs.  The 
Pathfinder  Photonics  program  is  aimed  at 
the  developing  of  key  enabling  systems 
and  device  technologies  that  have  the 
most  leverage  on  future  NASA  needs. 

The  four  leadership  initiatives  in  the  Sally 
Ride  report  "Leadership  and  America's 
Future  in  Space"  impose  a  variety  of  taxing 
requirements  on  information  acquisition 
and  processing  capabilities  in  space.  For 
instance,  the  control  and  communication 
systems  of  transport  vehicles  carrying 
humans,  or  of  Lunar  or  Martian  habitats, 
must  be  extremely  reliable.  The  functions 
invoked  to  achieve  fault  tolerance  exact  a 
high  overhead  in  hardware  and  software 
which  impacts  negatively  on  processing 
and  communication  rates.  For  human 
transport  vehicles  and  habitats  for 
Pathfinder,  control  and  communication 
systems  using  conventional  electronics  and 
cabling  cannot  provide  the  necessary 
systems  performance  within  the  needed 
weight  and  power  margins.  Fiber  optic 
networks  with  compatible  computing  and 
sensing  nodes  and  in  situ  integrated  optic 
sensors  will  enable  the  necessary  overhead 
to  be  accommodated  while  substantially 
reducing  system  power,  mass  and  volume, 
and  increasing  processing  and  transmission 
capacities  by  several  orders  of  magnitude. 

NASA  also  has  a  number  of  needs  for 
processing  where  a  very  high  degree  of 


parallelism  is  involved,  such  as  two 
dimensional  image  processing.  Extraction 
of  information  from  an  optical  image,  laser 
ranging  data,  and  multi-spectral  data  is 
needed  to  facilitate  the  intelligent 
exploration  of  the  surface  of  both  the  Moon 
and  Mars  with  a  robot  roving  vehicle  able 
to  discover  sites  of  potential 
mineralization,  recognize  anomalous  rocks 
and  other  potential  surface  samples,  and 
negotiate  rapid  traverses  of  the  surface 
without  hazard.  Similar  very  fast 
information  extraction  is  critical  to 
facilitate  the  last  few  minutes  of  powered 
descent  of  a  robot  lander  to  a  desired  land¬ 
ing  spot  identified  from  orbital  imagery.  In 
these  cases,  correlations  and  feature 
extractions  must  be  implemented  over  an 
entire  image,  and  the  capability  of  optical 
processing  to  execute  images  in  a  million 
parallel  channels  is  extremely  powerful. 
Additionally,  a  planetary  rover/orbiter 
communication  system  may  demand  phased 
array  radar  wi^  lOO's  to  lOOO's  of 
transmitter  chips.  This  may  be  difficult  to 
do  in  space  without  the  development  of 
photonic  controls. 


2.5.2  Technology  Assessment 

At  present,  optical  processing  systems 
have  achieved  very  limited  application 
in  ground  and  space  systems.  They  have 
been  used  for  processing  synthetic 
aperture  radar  data  on  the  ground  for 
NASA  space  missions,  and  they  are  being 
planned  or  developed  for  high-speed  RF 
spectrum  analyzers  for  both  ground  and 
space  use.  Photonics  docs  have  the 
potential,  however,  to  surpass  electronics 
in  important  areas  of  computation.  The 
high  throughput  of  analog  photonic  data 
processing  reflects  the  enormous 
information  capacity  of  light  waves  and  the 
inherently  concurrent  nature  of  wavefront 
operations.  Photonic  flight  systems  are 
expected  to  be  more  fault  tolerant  and 
reliable  than  comparable  electronic  systems 
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because  they  will  have  fewer  discrete  active 
components  and  physical  interconnections, 
and  architectures  inherently  more  resistant 
to  single-component  failures.  Photonics  is 
still  immature  as  a  technology  for  NASA 
flight  systems.  However  the  performance 
of  matrix  multiplications,  correlations, 
convolutions,  broad-band  spectrum 
analysis,  and  other  basic  mathematical 
transformations  has  been  demonstrated  in 
the  laboratory  and  in  prototype 
applications,  and  research  is  rapicUy 
broadening  the  scope  and  power  of  these 
operations.  The  potential  to  package  optical 
information  systems  in  forms  compact  and 
robust  enough  for  qualification  and 
deployment  has  been  established.  The 
challenge  for  NASA  is  to  develop  the 
specialized  processing  algorithms,  the 
fault-tolerant  architectures,  and  the  physical 
components  needed  to  focus  the 
technology  on  future  flight-system 
requirements. 

The  Photonics  Program  will  address  future 
mission  requirements  that  do  not  appear  to 
be  fulfilled  by  current  information 
processing  capabilities.  Present  high- 
capacity,  fault  tolerantly  fiber  optic 
networks  employ  interface  devices  to 
transfer  the  optical  signal  to  an  electronic 
signal,  and  back  again.  This  conversion 
process  causes  a  data  bottleneck  to  occur  at 
the  network  nodes.  By  processing  the 
information  optically,  the  light  would  be 
allowed  to  continue  undeterred  unless  a 
fault  were  detected.  Current  in  situ  sensors 
for  spacecraft  typically  do  not  fulfill  the 
sensitivity  and  lifetime  requirements  of 
planetary  missions.  Current  designs  of 
electronically  controlled  phased  array 
antennas  appear  to  be  too  bulky  and  heavy 
for  space-based  use.  Finally,  many  image 
processing  calculations  needed  for  both 
autonomous  landers  and  rovers  are  so 
computation  intensive  as  to  require  large 
earthbound  computers. 


2.5.3  Program  Description 

The  strategy  of  the  program  consists  of  fo¬ 
cusing  the  technology  effort  in  the  first  few 
years  of  the  program  through  a  combination 
of  breadboard  testing  and  systems  studies 
(to  be  performed  in  part  by  the  Office  of 
Exploration)  that  will  result  in  a  few 
systems  that  will  be  developed  to  the 
prototype  stage  in  order  to  compare  their 
performance  with  more  traditional 
electronic  systems.  The  Photonics  pro¬ 
gram  will  encompass  both  systems  and 
device  activities  which  are  at  present  at 
varying  stages  of  technology  readiness. 
The  program  includes  basic  research  in 
photonic  devices  which  will  be  focused  on 
the  class  of  devices  known  as  SLMs 
and  photonics  system  developments  which 
will  include  initial  demonstrations  with  ex¬ 
isting  SLM  technologies,  followed  by 
demonstrations  with  the  new  SLM 
technologies  during  later  phases  of  the 
program. 

The  Pathfinder  Photonics  Program  will 
develop  those  hybrid  photonic/electronic 
technologies  that  have  the  potential  to  be 
better  than  all-electronic  systems  for  solv¬ 
ing  some  of  the  mission  requirements  for 
NASA's  future  planetary  missions.  Specific 
objectives  of  the  program  are  as  follows: 

1)  To  develop  fault  tolerant,  high  data  rate 
networks  for  space  systems  applications. 
These  applications  include  autonomous 
spacecraft,  interplanetary  transport  vehicles 
and  planetary  and  lunar  habitats.  Goals 
include  the  development  of  photonic  nodes 
and  in  situ  integrated  optical  sensors. 

2)  To  enable  safe  traverses  by  a  planetary 
rover  at  higher  speeds  and  requiring  less 
power  than  competitive  all-electronic  sys¬ 
tems  through  the  use  of  optical  pattern  rec¬ 
ognition.  The  program  will  provide  a 
capability  for  the  high  speed  acquisition 
and  analysis  of  reconnaissance  data 
acquired  by  a  planetary  rover  through  the 
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use  of  optical  multi-spectral  processors. 
Additionally,  the  program  will  provide  Ka- 
band  phased  array  radar  for  rover/orbiter 
communication  at  potentially  much  lower 
mass  than  competitive  electronic  systems 
through  the  use  of  fiber  optic  control. 

3)  To  enable  the  electronic  vision  systems 
needed  for  automated  landing  on  planetary 
surfaces  to  have  up  to  three  orders  of 
magnitude  reduction  in  processing 
requirements  through  the  use  of  a  photonic 
preprocessor.  Critical  technologies  will  be 
developed  in  photonic  sensors,  integrated 
optical  switches,  fiber  optic  control  of 
MMIC  chips,  and  image  processing 
architectures.  Selected  spatial  light 
modulators  (SLM)  will  be  developed  to 
enhance  the  processing  speed  of  the  above 
systems  during  later  phases  of  the  program. 
Many  of  these  tasks  will  leverage 
photonics  work  currently  being  accom¬ 
plished  by  the  DoD,  industry  and 
universities.  The  ultimate  program  objec¬ 
tive  is  to  test  these  systems  with  mission 
simulated  data  and  testbeds  when  available. 

The  program  begins  with  breadboard  testing 
of  a  variety  of  hybrid  photonic/electronic 
technologies  that  have  the  potential  to 
fulfill  mission  requirements  as  developed 
by  mission  analyses.  The  technologies  fall 
roughly  into  three  categories:  fault  tolerant 
networks  which  include  photonics  switches 
and  sensors;  SLMs  which  include  semicon¬ 
ductor  and  other  materials  and  device 
development;  and  optical  processors  which 
utilize  light's  two-dimensional,  parallel, 
non-interacting  propagation  capabilities  for 
optical  computing.  By  the  end  of  1990  the 
three  thrust  leaders  will  review  their  efforts 
in  order  to  downselect  the  technologies 
mentioned  above  to  those  few  that  have  the 
nost  potential  to  fulfill  mission 
requirements. 

In  the  early  1990s,  the  United  States  will 
make  a  decision  on  which  mission  to  pur¬ 
sue.  That  decision  will  be  based  partially 


on  which  technologies  are  mature  enough  at 
that  time  to  support  that  mission.  For  this 
reason,  the  Photonics  program  will  continue 
brassboard  development  of  those  systems 
that  were  downselected  in  1990,  and  will 
perform  an  evaluation  of  their  performance 
in  1992  in  order  to  .support  NASA's 
decision.  In  the  Fault  Tolerant  Networks 
thrust  this  will  involve  the  development  of 
those  photonic  architectures,  devices  and 
sensors  necessary  to  support  the  goal  of 
building  a  network  that  can  withstand  three 
faults  while  having  a  data  throughput  of  up 
to  1000  Mbps.  In  the  Autonomous 
Planetary  Systems  thrust  this  will  involve 
the  development  of  a  variety  of  optical 
processors. 

Vision  systems  will  be  developed  for  both 
autonomous  lander  and  autonomous  rover 
applications.  Initial  testing  will  be  done 
using  simulated  data  in  order  to  compare 
the  optical  computers'  performance  with 
that  of  electronic  computers.  An  optically 
controlled  phased-array  antenna  will  be 
developed  for  rover/orbiter  communica¬ 
tion.  Similarly,  in  the  Spatial  Light 
Modulator  thrust,  those  few  SLMs  that 
were  downselected  in  1990  will  be 
developed  to  mature,  prototype  devices 
through  the  year  1995. 

Throughout  the  late  1990's,  focused 
development  and  final  testbed  evaluations 
will  occur  utilizing  updated  mission  studies. 
The  SLM  development  will  have  resulted 
in  good  candidates  for  insertion  into  the 
vision  and  node  processing  systems,  thus 
dramatically  increasing  processing 
capability.  The  Fault  Tolerant  Network 
thrust  will  have  maximally  leveraged  the 
CSTI/Data  element  work  in  optical 
switches,  as  well  as  DARPA's  photonics 
program  to  build  space-qualifiable,  high- 
capacity,  fault-tolerant  networks  including 
in-situ  sensors  that  have  been  tested  in  an 
integrated  data  systems  testbed.  The 
Autonomous  Planetary  Systems  thrust, 
together  with  the  Autonomous  Lander  and 
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Rover  elements  of  Pathfinder,  will  have 
coordinated  development  of  space- 
qualifiable,  photonics/electronics  vision 
system  prototypes  which  will  undergo  final 
evaluation  on  the  rover  and  lander  testbeds. 
By  1998,  the  systems  will  be  developed  into 
prototypes  and  coordinated  with  other 
Pathfinder  demonstrations  for  final 
verification. 


2.5.4  Organization  and 
Management 


Work  Breakdown  Structure.  The 
program  is  organized  into  three  thrust  areas, 
with  specific  integrating,  or  cross  cutting 
tasks  (see  Figure  2-5).  A  continuing 
program  of  systems  studies  will  be  pursued 
to  guide  the  overall  direction  of  the  effort. 
In  the  second  year  of  the  program,  a 
downselect  of  tasks  will  be  undertaken  and 
a  limited  number  of  tasks  will  be  selected 


for  prototype  development 


Management  Structure.  The  Photonics 
Program  is  managed  by  the  Photonics  pro¬ 
gram  manager  in  the  OAST  Information 
Sciences  and  Human  Factors  Division 
(Code  RC).  Responsibility  for  Center 
assignments,  project  plan  approval  and 
funding  allocation  will  remain  at 
Headquaners  Code  RC.  Program  advice 
and  coordination  is  provided  by  the 
Photonics  Working  Group,  which  is  made 
up  of  representatives  from  the  NASA 
Centers  and  those  NASA  Offices  that 
would  be  potential  users  of  the  technology. 

Project  planning,  integration  and  reporting 
is  performed  by  the  NASA  Center  thrust 
leaders  and  the  Photonics  Working  Group 
co-chairperson.  Quarterly  project  repons 
will  be  submitted  to  OAST  tracking 
progress  against  Level  1  schedules  and 
identifying  any  problems,  issues  or 


Figure  2-5 

Worfc  breakdown  structure  for  the  Pathfinder  Photonics 
(Fault-Tolerant  Systems)  Technology  Project 
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significant  accomplishments.  NASA 
Centers  will  be  designated  to  implement 
project  elements. 


Program  Coordination.  The  program  was 
originally  formulated  with  the  guidance  of 
the  Ad  Hoc  Review  Team  on  Photonics 
subcommittee  of  the  OAST  Space  Systems 
Technology  Advisory  Committee.  This 
Review  Team  facilitated  the  coordination 
of  the  NASA  program  with  DARPA,  Air 
Force,  Army,  Universities  and  Industry.  As 
well,  this  program  will  be  coordinated 
with  those  elements  of  Pathfinder  which 
are  customers  for  the  technology 
including  Planetary  Rover,  Sample 
Acquisition,  Analysis  and  Preservation, 
Autonomous  Rendezvous  and  Docking, 
and  Autonomous  Lander.  In  addition  to 
the  internal  coordination  in  Pathfinder, 
interaction  will  also  take  place  with  the 
representatives  of  science  instrument 
users  in  the  Office  of  Space  Science  and 
Applications  and  the  Office  of  Exploration. 
Finally,  the  Photonics  program  will 
leverage  ongoing  work  in  the  CSTI  Data 
program,  and  the  Research  and  Technology 
base  Photonics  program. 


Resources.  Resource  Requirements  for  fis¬ 
cal  years  1989  through  1993  for  the 
Photonics  Technology  Project  are  approxi¬ 
mately  $32  million. 
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Chapter  3 

In-Space  Operations 

The  objective  of  the  In-Space  Operations 
program  area  is  to  develop  a  wide  asson- 
ment  of  key  technologies  that  will  enable  or 
significantly  enhance  high-leverage  space 
operational  capabilities  in  support  of  solar 
system  exploration. 

Advances  in  our  capabilities  for  in-space 
operations  has  been  a  major  objective  of  the 
civil  space  program  since  the  1960’s.  For 
example,  a  significant  part  of  the  Gemini 
Program’s  objectives  was  the  development 
and  demonstration  of  orbital  rendezvous 
and  docking  -  a  key  capability  for  the 
Apollo  missions  to  the  Moon. 

The  Space  Shuttle  provided  a  major  aug¬ 
mentation  of  U.S.  in-space  operations  capa¬ 
bilities.  Shuttle  has  demonstrated  critical¬ 
ly-needed  operations  -  including  retrieval 


and  repair  of  spacecraft  in  space.  As  well 
as  providing  a  platform  for  extended  tech¬ 
nology  demonstrations,  including  in-space 
construction  techniques,  space  power  sys¬ 
tems,  and  microgravity  fluids  research. 

The  Space  Station  will  provide  still  another 
major  enhancement  of  our  capabilities  by 
providing  a  permanent  in-space  facility. 
Operations  will  include  spacecraft  servic¬ 
ing,  microgravity  research,  and  staging  of 
future  missions.  In  fact,  each  stage  in  the 
history  of  the  civil  space  program  has  been 
dependent  upon  technological  advances  in 
the  area  of  in-space  operations. 

Pathfinder  In-Space  Operations  efforts  con¬ 
sist  of  six  technology  projects:  (1)  Autono¬ 
mous  Rendezvous  &  Docking,  (2)  In-Space 
Assembly  and  Construction,  (3)  Cryogenic 
Fluid  Depot,  (4)  Space  Nuclear  Power,  (5) 
Resource  Processing  Pilot  Plant,  and  (6) 
Optical  Communications. 

Each  of  these  is  described  in  some  detail  in 


Figure  3 

Work  breakdown  structure  for  the  Pathfinder 
In-Space  Operations  Program  Area 
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Pathfinder 


the  subsections  which  follow 


Section  3.1 

Autonomous  Rendezvous  & 

Docking 

3.1.1  Technology  Requirements 

NASA's  planning  for  the  future  exploration 
of  the  solar  system  includes  both  piloted 
and  robotic  missions  to  the  Moon  and  Mars. 
As  was  true  with  Apollo,  these  missions 
will  require  the  use  of  smaller  vehicles  to 
go  to  and  from  the  lunar  or  planetary  sur¬ 
face.  Because  of  round-trip-light-time 
(RTLT)  delays  in  deep  space  communica¬ 
tions,  real-time  Earth-based  control  of  these 
vehicles  will  be  impossible. 

The  capability  for  autonomous  rendezvous 
and  docking  with  the  mission  elements 
remaining  in  orbit  will  be  required  for  both 


piloted  and  robotic  missions. 

The  specific  technology  requirements 
include  the  development  of  sensors  and 
mechanisms,  trajectory  control 

requirements  and  techniques  for  operations 
in  Lunar  and  planetary  orbits,  and 
associated  integrated  guidance,  navigation, 
and  control  algorithms  such  as  automatic 
selection/execution/recovery  techniques  and 
multivehicle  cooperative  control. 

Sensors  are  required  to  provide  long-  and 
short-  range  tracking  and  relative  navigation 
from  several  hundred  kilometers  down  to 
the  contact  point  of  docking.  Sensor 
technologies  are  driven  by  performance 
requirements  for  extended  service  life  in 
hostile  environments  with  long  periods  of 
dormancy.  Docking  mechanisms  will  sup¬ 
port  robotic  vehicle  operations. 

Trajectory  control  techniques  will  differ 
from  current  Earth-orbit,  piloted  vehicle 
operations  in  that  many  of  the  constraints, 
such  as  lighting,  ground  tracking  coverage, 
and  continuous  space-to- 
ground  communications 
will  not  be  applicable. 
Instead,  trajectories  must 
be  designed  to  maximize 
the  reliability  of 
rendezvous  in  Lunar  and 
planetary  orbits. 

Integrated  guidance,  nav¬ 
igation,  and  control 
(GN&C)  designs  must 
provide  the  performance, 
reliability,  autonomy,  and 
automation  required  for 
autonomous  rendezvous 
and  docking  in  Lunar  and 
planetary  orbits.  Major 
design  challenges  include 
automatic  selection,  execu¬ 
tion,  and  recovery  tech¬ 
niques  and  multivehicle 
cooperative  control. 


A  fuel-carrying  vehicle  docks 
autonomously  with  a  future  space  station 
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Expert  system  technologies  are  applicable. 


3.1.2  T  echnology  Assessment 

At  present,  the  United  States  has  not  dem¬ 
onstrated  an  autonomous  rendezvous  and 
docking  capability.  Current  capabilities 
require  extensive  ground  and  flight  crew 
participation.  The  rendezvous  phase  of  a 
mission  is  based  on  significant  ground 
tracking  of  the  spacecraft.  The  docking 
phase  requires  the  control  of  an  observer  on 
one  of  the  spacecraft.  This  degree  of 
observation  will  not  be  available  for  robotic 
Mars  vehicles  and  the  communication  time 
delays  will  preclude  control  through 
teleoperation  from  ground-based  operations 
centers.  The  implementation  of  autono¬ 
mous  rendezvous  and  docking  will  require 
the  development  of  several  critical 
technologies. 

Sensors  for  long-  and  short-  range  naviga¬ 
tion  must  be  developed  which  provide  the 
required  performance,  meet  constraints  on 
mass,  volume,  and  power,  and  can 
withstand  the  hostile  environment  and  long 
periods  of  dormancy  associated  with 
planetary  exploration  mission.  The  onboard 
rendezvous  sensors  on  the  Space  Shuttle 
(star  tracker  and  rendezvous  radar)  provide 
relatively  poor  performance  and  require 
careful  crew  monitoring.  They  are  totally 
inadequate  for  ranges  less  than  90  feet.  The 
radars  being  considered  for  the  Orbital 
Maneuvering  Vehicle  (OMV)  will  also  be 
ineffective  at  very  close  ranges.  No 
suitable  long-range  radars  that  meet  the 
power,  mass,  and  performance  requirements 
of  a  Mars  rover  and  sample  return  mission 
are  available. 

A  prototype  laser  docking  sensor  is  being 
developed  for  a  flight  experiment  in  FY 
1991.  This  system  shows  much  promise  for 
ranges  from  zero  to  greater  than  three  miles. 
Further  work  is  needed  to  study  extensions 
of  the  range  of  this  sensor  and  reducing  its 


power,  mass,  and  volume  requirements. 
Other  candidate  sensors  such  as  millimeter- 
wave  radar  and  robotic  video  image 
recognition  systems  require  further 
evaluation  and  technology  development. 

GN&C  algorithms  for  the  rendezvous 
problem  are  well  understood,  but  work  is 
required  to  focus  the  designs  on  mission 
constraints  unique  to  solar  system  explora¬ 
tion  scenarios.  Current  designs  focus  on 
constraints  associated  with  piloted  vehicles 
and  include  lighting  conditions  and 
continuous  space-to-ground  communica¬ 
tions.  solar  system  exploration  missions 
will  not  necessarily  be  subject  to  these 
constraints,  but  require  an  emphasis  on 
reliability  of  the  rendezvous  and  docking 
operations.  Cooperative  control  and  auto¬ 
matic  selection,  execution,  and  recovery  are 
major  design  challenges. 

Docking  mechanisms  for  piloted  vehicles 
have  been  or  are  being  developed  which 
should  suffice  for  piloted  solar  system  ex¬ 
ploration  vehicles.  However,  unique 
mechanisms  will  have  to  be  developed  for 
small,  robotic  vehicles  such  as  the  "Mars 
Ascent  Vehicle"  and  "Mars  Orbit  Vehicle" 
that  are  being  planned  as  elements  of  a  ro¬ 
botic  Mars  mission.  In  addition,  the 
docking  mechanisms  for  solar  system  ex¬ 
ploration  missions  will  require  extended 
service  life  in  hostile  environments  with 
long  periods  of  dormancy,  high  system  reli¬ 
ability,  and  high  levels  of  autonomy  for 
robotic  vehicle  operations.  The 

mechanisms  will  be  subject  to  severe  power 
and  mass  restrictions. 


3.1.3  Program  Description 

The  objectives  of  this  program  element  are 
the  development  and  demonstration  of  the 
enabling  and  enhancing  hardware  and 
software  technologies  and  technical 
approaches  for  autonomous/automated 
rendezvous  and  docking  to  support  Lunar 
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and  Mars  missions.  Specifically,  the 
constraints  and  unique  requirements  will  be 
established  for  the  various  types  of 
planetary  missions  that  are  envisioned. 
Using  these  requirements  and  constraints  as 
guidelines,  long-  and  short-  range  sensors 
will  be  developed  for  rendezvous  and 
docking.  Algorithms  will  be  developed  for 
both  long-  and  short-  range  phases  of  the 
rendezvous  problem  and  will  be 
demonstrated  in  computer  simulations  and 
then  in  flat  floor  testbeds.  Finally,  flight 
tests  of  the  rendezvous  and  docking 
concepts  developed  under  this  program  will 
be  planned. 

For  the  several  selected  solar  system  explo¬ 
ration  mission  scenarios  and  correspon^ng 
vehicle  configurations,  coordinated  sys¬ 
tem  s-level  rendezvous  and  docking 
requirements  will  be  defined.  The 
performance  requirements  on  the 
autonomous  rendezvous  and  docking 
hardware  and  software  will  be  established. 

The  hardware  and  software  technologies 
needed  to  meet  those  requirements  will  be 
identified  and  current  technologies  will  be 
assessed  for  applicability.  The  need  for 
new  technologies  will  be  defined  with  an 
emphasis  on  sensors  for  long-  and  short- 
range  tracking  and  relative  navigation.  A 
decision  will  be  made  as  to  whether  a  single 
sensor  or  a  suite  of  sensors  will  most 
efficiently  meet  long-  and  short-  range 
performance  requirements  for  Lunar  and 
planetary  missions. 

Trajectory  control  requirements  and 
techniques  for  autonomous  rendezvous  and 
docking  will  be  defined.  Candidate  GN&C 
designs  will  be  developed  to  implement 
these  capabilities.  Six  and  twelve  degree  of 
freedom  (DoF)  simulations  will  be 
developed  and  used  for  performance, 
dispersion,  and  sensitivity  analyses  and 
trade  studies  of  these  designs. 


Results  of  these  evaluation  will  be  used  to 
establish  the  specifications  for  prototype 
sensors.  Prototype  sensors  and  hardware 
and  software  emulations  will  be  developed 
and  incorporated  into  testbed  proof-of- 
concept  demonstrations.  The  requirements 
and  benefits  of  technology  flight 
demonstrations  will  be  evaluated. 


Deliverables 

The  requirements  and  mission  constraints 
for  autonomous  rendezvous  and  docking  for 
the  various  planetary  missions  will  be 
established  during  the  first  year  of  the 
program.  In  addition,  work  will  begin  on 
the  GN&C  concepts  that  are  most 
appropriate  for  this  problem  and  on  sensors 
that  are  required  for  the  long-  and  short- 
range  parts  of  the  problem.  There  will  be 
two  sets  of  demonstrations  of  the 
technology  based  on  near-  and  far-  term 
capabilities. 

The  near-term  demonstrations  will  begin  in 
the  second  year  of  the  program  with 
computer  simulations  of  GN&C  concepts 
and  with  the  flight  test  of  the  Laser  Docking 
Sensor  (which  is  already  scheduled  and  is 
independent  of  this  Pathfinder  effort). 
High  fidelity  simulations  will  begin  in  the 
third  year  of  the  program  and  will  transition 
to  flat  floor  demonstration  the  following 
year. 

The  more  advanced  sensors  will  be 
demonstrated  in  the  fifth  year  and  will  be 
added  to  the  computer  simulations  and  then 
to  the  flat  floor  testbeds  by  the  seventh  year 
of  work.  Flight  demonstrations  must  be 
carried  out  in  orbit  and  are  beyond  the 
currently  project  funding  level  of  this 
element  of  Pathfinder.  This  program  will 
carry  the  technology  to  a  stage  where  it  is 
ready  for  flight  demonstration. 


ill 
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Figure  3-1 

Work  breakdown  structure  for  the  Pathfinder 
Autonomous  Rendezvous  &  Docking  Technology  Project 


3.1.4  Organization  and 
Management 

Work  Breakdown  Structure.  The  work 
breakdown  structure  (WBS)  is  directed 
along  technology  discipline  lines.  It 
consists  of  three  major  areas:  systems 
integration,  guidance  and  control,  and 
sensors  &  mechanisms.  Figure  3-1  pro¬ 
vides  a  preliminary  WBS  for  the  program. 


Management  Structure.  The  overall  pro¬ 
gram  will  be  managed  by  a  Program 
Manager  in  the  OAST  Information  Sciences 
and  Human  Factors  Division  (RC). 
Responsibility  for  Center  assignments, 
project  plan  approval  and  funding  allocation 
will  remain  at  OAST/RC.  Program  advice 
and  coordination  will  be  provided  by  the 
Autonomous  Rendezvous  and  Docking 
Working  Group,  which  is  made  up  of 
representatives  from  the  NASA  Centers  and 
those  NASA  Offices  that  would  be  potential 
users  of  this  technology. 


Technology  Project  planning,  integration, 
and  reporting  will  be  performed  by  the 
NASA  Center  coordinator.  Quarterly 
project  reports  will  be  submitted  to  the 
OAST  Program  Manager  tracking  progress 
against  Level  1  schedules  and  identifying 
any  problems,  issues,  or  significant 
accomplishments. 


Program  Coordination.  The  Autonomous 
Rendezvous  and  Docking  Program  will  be 
coordinated  with  the  following  NASA 
activities:  the  new  initiative  mission 

definition  studies  being  conducted  by  the 
Office  of  Exploration  (OEXP),  the 
development  of  high  capacity,  flight 
qualified  computers  conducted  by  OAST, 
and  the  Mars  Observer  mission  and  Mars 
Rover/Sample  Return  (MRSR)  study  being 
conducted  by  the  Office  of  Space  Science 
and  Applications  (OSSA).  The  effort  will 
also  be  coordinated  with  planning  within 
the  Office  of  Space  Flight  (OSF). 
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Resources.  Projected  resource  require¬ 
ments  for  the  Autonomous  Rendezvous  & 
Docking  Technology  Project  for  fiscal  years 
1989  through  1993  are  approximately  $15 
million.  The  resource  allocation  for  FY 
1989  will  be  $1  million. 


Section  3.2 

In-Space  Assembly  and 
Construction 

3.2.1  Technology  Requirements 

Future  space  missions  to  exploit  low  Earth 
orbit,  build  an  outpost  on  the  moon  or  land 
on  Mars  will  all  likely  involve  large  space 
structures  that  cannot  be  placed  in  orbit  by  a 
single  launch  vehicle.  The  most  notable 
structure  at  the  present  rime  is  the  Space 
Station,  which  will  be  fully  assembled  in 
space.  It  will  be  the  first  large  permanent 
base  placed  in  orbit  and  may  also  serve  as  a 
base  for  assembling  and  servicing  other 
large  structures,  including  earth  observing 
fee-flyer  platforms,  proposed  large 
scientific  instruments  such  as  a  lightweight 
20-meter  submillimeter  wavelength 
telescope  and  other  large  vehicles. 

A  lunar  outpost  is  likely  to  utilize  a  large 
transfer  vehicle  to  transport  material 
between  the  moon  and  low  Earth  orbit  and  a 
piloted  Mars  mission  will  require  a  very 
large  vehicle  on  the  order  of  a  thousand 
tons.  Both  vehicles  will  also  likely  use 
large,  bulky  aerobrakes  up  to  100  feet 
across  (possibly  larger)  and  will  be  built, 
out-fitted  (e.g.,  the  installation  of  utilities) 
and  serviced  at  the  Space  Station  or  at  a 
nearby  "garage".  Any  such  vehicle  would 
also  be  intended  for  extensive  reuse  and 
thus,  need  to  be  refurbished  or  repaired  on- 
orbit.  Unlike  the  space  station,  which  will 
be  largely  built  by  hand,  technology  must 


be  developed  to  enable  the  on-orbit 
assembly  and  construction  of  these  systems 
and  design  methodology  established  to 
enable  large  space  structures  to  be 
"designed-for-construction" 

High-load  carrying  mechanisms  could  be 
used  to  simplify  the  design  and  assembly  of 
heavily  loaded,  modular  vehicles  that  use 
aerobraking,  replaceable  fuel  tanks  or  en¬ 
gines.  These  mechanisms  could  absorb 
heavy  vibrational  loads  from  rocket  motors 
and  construct  more  lightly  loaded,  but 
massive,  orbiting  structures  (such  as  a  fuel 
depot)  by  requiring  only  a  few  attachment 
points.  Advanced  mechanisms  could  also 
enable  the  development  of  very  large  or 
heavily  loaded  deployable  structures  and 
simplify  installation  of  utilities.  Large  area 
welding/bonding  would  enable  construction 
of  elements  such  as,  large  habitats  and  work 
spaces,  fuel  tanks,  aerobrakes  and  strong, 
lightweight  permanent  joints  between 
structural  members. 

Precise  telerobotic  manipulation  and  control 
of  large  structural  components  is  needed  to 
bring  them  together  for  mechanical  joining 
and  to  hold  them  accurately  in  place  for 
processing  a  permanent  joint.  This  must  be 
done  within  a  physical  framework  designed 
to  facilitate  space  construction,  and 
furthermore,  by  coupling  general  assembly 
and  construction  methods  with  telerobotic 
methods  large  complicated  structures  could 
be  built,  operated  and  maintained  with 
minimal  EVA  to  reduce  cost  and  enhance 
safety. 


3.2.2  Technology  Assessment 

Currently,  the  capability  to  build  structures 
of  any  kind  in  space  is  very  primitive.  Our 
experience  is  limited  to  a  few  simple  ex¬ 
periments.  Recently,  two  truss  structures 
were  hand  assembled  from  the  shuttle  bay 
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during  STS-61B*.  During  the  first 
experiment,  a  13.7  meter,  10-bay  truss 
beam  was  constructed  from  93  (1.4-meter 
and  2.0-meter)  struts.  The  value  of  this 
experiment  was  to  test  the  feasibility  of 
erecting  the  primary  truss  for  the  Space 
Station.  The  second  experiment  involved 
repeated  assembly  and  disassembly  of  a 
single  bay  of  a  larger  more  bulky  truss 
structure.  Neither  of  these  experiments 
addressed  permanent  joining,  and  all 
structural  elements  were  very  light  and 
easily  controlled  by  hand  manipulation. 

We  have  no  operational  experience  in 
permanently  joining  (e.g.  welding  or 
bonding)  structures  in  space.  The  few 
Skylab  experiments  that  were  performed 
did  demonstrate  feasibility,  but  they  did  not 
alleviate  concerns  that  gravity  influences 
the  convective  processes  in  the  weld  bead. 
The  Soviets  have  used  electron  beam 
welding  to  build  a  truss  in  space.  However, 
the  quality  of  construction  is  not  known. 
Bonding  methods  compatible  with  a  space 
environment  have  been  proposed  for  Space 
Station,  but  these  arc  for  relatively  lightly 
loaded  applications  such  as  repairing  a  hole 
in  a  Space  Station  module. 

Masses  have  been  manipulated  at  the  end  of 
the  shuttle  remote  manipulator  system 
(RMS).  All  instances  involved  satellites 
weighing  much  less  than  the  shuttle,  which 
provided  a  comparatively  stable  base,  and 
required  extensive  ground  simulation  in 
advance.  At  no  time  were  two  masses 
brought  together  and  held  precisely  in 
place,  as  will  be  required  to  build  a  large 
space  structure.  We  have  precisely 
manipulated  large  masses  and  joined  them 
during  docking  maneuvers,  but  such 
operations  arc  not  practical  for  general 
purpose  construction  methods.  Currently, 
we  can  simulate  manipulation  in  the 
laboratory  using  "rigid"  arms  but  not  ones 
with  a  high  degree  of  flexibility  or  with 
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masses  representative  of  large-scale 
assembly  and  construction  operations. 

Based  on  current  programs,  by  1993,  our 
ability  to  build  space  structures  will  be  at 
the  level  of  Space  Station  technology. 
Large,  erectable  truss  beams  will  be 
designed  for  hand  and  robotic  assembly,  but 
this  will  involve  relatively  small  lightweight 
elements.  Remote  manipulation  will  be 
developed  to  place  larger  objects  close 
enough  to  be  mated  to  specially  designed 
attachments.  No  large  planar  or  volumetric 
structures  will  be  built,  though  an  OTV 
hanger  may  eventually  be  added  to  the 
Space  Station.  The  Department  of  Defense 
also  has  projects  that  may  involve  in-space 
construction,  but  they  presently  rely  on 
NASA  to  develop  construction  technology. 


3.2.3  Program  Description 

The  Pathfinder  In-Space  Assembly  and 
Construction  program  activity  will  develop 
the  basic  technology  required  to  construct 
large,  massive  structures  and  complex 
vehicles  in  space.  One  objective  is  to 
define  and  develop  methodologies  for 
constructing  generic  spacecraft  components 
(such  as  aerobrakes,  backbone  tmsses, 
pressurized  modules,  etc.)  that  can  be 
applied  to  many  different  missions.  This 
will  lead  to  spacecraft  which  have 
assembly  and  construction  requirements 
integrally  incorporated  into  their  design. 
The  second  objective  is  to  develop  the 
processes  (welding,  bonding,  and 
mechanically  attaching)  required  to  join 
components  in  space.  Accomplishing  this 
objective  will  require  that  concepts  for 
specialized  holding  fixtures  and  robot  end 
effecters  be  developed.  Methods  for  testing 
and  verifying  joint  integrity  must  be 
developed  in  concert.  The  third  objective 
is  to  develop  the  ability  to  manipulate  and 
position  large  massive  vehicle  components 
precisely  so  that  they  can  be  permanently 
joined.  Concepts,  such  as  transporters. 
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space  cranes  and  assembly  fixtures,  will  be 
fabricated  and  demonstrated  to  achieve  this 
objective.  The  fourth  objective  is  to  define 
the  facility  layout  and  infrastructure  which 
is  required  to  support  constructing  large 
spacecraft  in  space.  A  blueprint  is  envi¬ 
sioned  for  a  facility  having  a  high  degree  of 
construction  flexibility,  adaptability, 
autonomy,  and  commonality. 

To  accomplish  this  in  the  most  general 
context  is  beyond  the  current  capability  of 
the  program.  As  such,  the  program  will  be 
directed  toward  those  areas  which  are  most 
critical  to  this  goal.  It  will  not  focus  on 
designing  or  developing  any  specific 
structural  designs  (e.g.  aerobrakes,  transfer 
vehicles,  scientific  instruments  or  large 
platforms),  but  will  identify  and  develop 
common  critical  elements  of  in-space 
assembly  and  construction  within  these  sys¬ 
tems  that  require  a  strong  focused  technical 
program.  However,  focused  applications 
will  be  selected  to  guide  the  development 
process. 

As  previously  discussed,  the  critical  areas 
identified  at  this  time  are  associated  with 
building  large  structures  in  low  earth  orbit, 
(through  this  applies  to  structures  to  orbit 
Mars  or  the  moon  as  well).  By  focusing  on 
the  enabling  technologies,  and  not  specific 
systems,  the  program  will  have  the 
flexibility  to  meet  changing  demands  and 
will  provide  mission  planners  and  systems 
designers  with  a  broad  range  of  design 
options.  To  assure  that  key  issues  arc  being 
addressed  systems  studies  (in  cooperation 
with  the  Office  of  Exploration)  will  be 
conducted  in  parallel  with  technology 
development  These  studies  will  focus  on 
assessing  the  characteristics  of  large 
advanced  space  structures,  such  as  rotating 
systems  for  artificial  gravity,  that  may  be 
critical  to  NASA  long  range  goals  and 
objectives  and  whether  the  current  program 
will  enable  them  to  be  built.  A  key  aspect 
of  this  program  will  be  to  assure  that 
significant  advances  in  deliverable 


technology  are  achieved. 

The  early  part  of  the  program  will 
concentrate  on  evaluating  and  developing 
concepts  (including  possible  hardware 
development)  for  general  assembly  and 
construction  and  for  precise  manipulation  of 
large  masses.  All  cases  will  emphasize 
telerobotic  operation.  This  will  lead  a  set  of 
selected  concepts  and  methods  to  be 
developed  and  a  set  of  focused  applications 
to  guide  the  development  process.  An 
additional  product  of  this  part  of  the 
program  will  be  design  methodology 
tailored  for  space-based  construction  and 
the  definition  of  a  physical  infrastructure 
(scaffolding,  cranes,  transporters,  etc.)  to 
support  construction  operations. 

The  latter  part  of  the  program  (after  the  first 
five  years)  will  integrate  methods  for 
construction  and  manipulation  into  unified 
robotic  construction  methods.  It  will  also 
place  more  emphasis  on  operational 
autonomy,  efficiency  and  reliability 
(quality  assurance).  This  process  will  also 
require  methods  by  which  this  technology 
can  be,  in  principle,  validated  on  earth  with¬ 
out  extensive  space  experiments.  During 
this  development  phase  a  space  experiment 
may  be  conducted,  if  required,  though  it  is 
not  currently  being  planned. 


Deliverables 

PHASE  I.  By  the  early  1990's,  methods  for 
producing  high-load  carrying  mechanical 
joints/mechanisms  and  strong  permanent 
joints  (e.g.  welded/bonded)  will  be 
developed  for  general  large-scale 
construction  and  demonstrated  to  be 
compatible  with  telerobotic  operations.  A 
concept  to  manipulate  large  masses  telero- 
botically  and  precisely  using  a  "space 
crane"  (non-rigid)  will  be  developed.  This 
will  be  done  in  a  testbed  environment  using 
a  selected  focus  as  a  means  for  general 
development  and  validation.  Also,  ad- 


M. 


476 


In-Space  Operations 


Figure  3-2 

Work  breakdown  structure  for  the  Pathfinder  In-Space 
Assembly  and  Construction  Technology  Project 


vanced  "dcsign-for-construction"  methods 
will  be  established  and  a  comprehensive 
space-based  construction  system  (e.g. 
support  frames,  manipulaton,  etc.)  will  be 
defined.  This  will  allow  mission  planners 
broad  options  to  develop  concepts  for  a 
permanent  space  infrastructure  of  stations, 
platforms  and  vehicles  with  a  high  degree 
of  confidence  that  their  proposed  structures 
can  be  efficiently  built  and  serviced. 

PHASE  II.  By  the  late  1990's,  basic 
methods  for  joining/bonding  and  precise 
manipulation  will  be  integrated  to  develop 
general  purpose  telerobotic  methods  for 
automated  assembly  and  construction  of 
large  space  structures.  This  phase  of  the 
program  will  also  utilize  the  results  from 
fundamental  research  in  robotics  and  sensor 
technology  to  provide  local  autonomy  to  the 
methods  such  as  aligning  a  mechanism  or 
following  a  weld  line.  Laboratory  hardware 
will  be  developed  along  with  operational 


procedures  to  validate  all  selected  assembly 
and  construction  concepts.  A  part  of  this 
process  will  be  the  development  of  ground- 
based  test  methods  to  simulate  in-space 
operations.  A  flight  experiment  may  be 
conducted  during  this  phase  of  develop¬ 
ment. 


3.2.4  Organization  and 
Management 

Work  Breakdown  Structure.  The  element 
work  breakdown  structure  will  consist  of 
five  main  tasks.  The  first  will  define  basic 
requirements  for  in-space  assembly  and 
construction.  Facton  such  as,  size,  shape, 
loading,  and  reuse  will  be  used  to  identify 
basic  structural  elements  (e.g.  tension  and 
compression  memben,  permanent  and 
temporary  joints,  utilities,  etc.)  and 
commonality  among  different  systems  (e.g. 
aerobrakes,  pressurized  habitats,  large  fuel 
tanks,  etc.).  The  second  task  will  focus  on 
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construction  concepts  including  methods 
for  precise  manipulation  and  control  of 
large  components,  specialized  telerobotic 
operations  and  hardware  concepts  and 
overall  in-space  assembly  and  construction 
procedures.  The  third  task  will  develop  the 
basic  joining  methods  and  any  specialized 
supporting  hardware  concepts  (e.g.  sensors, 
mechanisms,  etc.)  to  enable  telerobotic 
operations.  Mechanical  joining  methods 
and  permanent  joining  methods  (e.g. 
welding  and  bonding)  will  be  developed.  A 
testbed  will  be  developed  under  the  fourth 
task  and  focused  applications  performed  to 
guide  development  of  integrated  methods 
and  to  validate  technology  developed  under 
the  other  three  tasks.  Advanced  test 
methods  will  also  be  developed  for  ground- 
simulation  of  in-space  assembly  and 
construction  methods.  The  fifth  task  will 
define  an  in-space  construction  system  to 
enable  large-scale  operations.  This  task  will 
also  develop  computer  simulations  of 
assembly  and  construction  procedures  and 
any  required  ground-based  test  methods  to 
approximate  in-space  operauons. 

Figure  3-2  provides  a  preliminary  work 
breakdown  structure  (WBS)  for  the 
program. 

Management  Structure.  The  overall 
program  will  be  managed  by  a  program 
manager  assigned  from  the  OAST  Materials 
and  Structures  Division  (RM),  with  a 
technical  advisor  for  telerobotics  designated 
from  the  OAST  Information  Sciences  and 
Human  Factors  Division  (RC).  During  the 
initial  planning  phase,  an  advisory 
committee  will  be  formed  consisting  of 
selected  technical  specialists  from  field  cen¬ 
ters,  RM,  RC,  the  OAST  Space  Directorate 
(RS)  and  a  mission  representative  from  the 
Office  of  Exploration  (Z).  The  committee 
will  be  chaired  by  RM  and  remain  in  place 
for  the  duration  of  the  program,  with 
membership  adjusted  as  required.  (Once 
the  program  is  in  place,  members  outside  of 


NASA  may  be  added.)  This  committee  will 
be  charged  with  evaluating  the  technical 
goals,  objectives,  and  progress  of  the 
program  and  recommend  changes  if  deemed 
necessary. 

The  lead  center  for  this  element  of 
Pathfinder  will  be  LaRC.  This  center  will 
have  responsibility  for  leading  the 
development  of  the  program  plan  and  for 
the  administration  of  the  plan  throughout 
the  program.  A  program  coordinator  at 
LaRC  will  be  assigned  for  this  purpose. 
JSC  and  MSFC  are  currently  designated  as 
primary  participating  centers  for  program 
development  and  implementation.  They 
will  be  responsible  to  the  program  manager 
in  RM  for  all  areas  involving  resources  and 
program  responsibility.  They  will  be 
responsible  to  the  lead  center  in  administra¬ 
tive  matters  pertaining  to  reporting,  sched¬ 
uling,  and  milestones. 

A  detailed  five  year  program  plan  (with  less 
detailed  extensions  to  ten  years)  will  be 
developed  before  the  program  begins.  This 
will  be  accomplished  cooperatively  among 
the  participating  NASA  centers  and  OAST. 
The  lead  center  will  be  responsible  for 
coordinating  this  activity  and  producing  the 
final  document.  The  authority  to  resolve 
conflicts  will  reside  with  the  OAST 
program  manager.  This  document  will 
exclusively  determine  program  content, 
center  responsibilities,  resource  allocation 
and  milestones.  The  program  will  be 
formally  reviewed  each  year.  During  these 
reviews  there  will  be  opportunity  for  other 
centers  to  participate  in  the  program  in 
particular  areas  of  expertise.  As  such,  the 
program  plan  will  be  modified  as  required 
and  will  be  extended  to  cover  the  next  five 
years. 


Program  Coordination.  The  In-Space 
Assembly  and  Construction  Technology 
Project  of  Pathfinder  will  be  coordinated 
with  the  on-going  robotics  programs  in 
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CSTI,  the  Base  R&T  and  Space  Station. 
An  objective  of  this  element  is  to  benefit 
from  these  activities,  not  to  compete  with 
them  or  to  duplicate  their  efforts. 


Section  3.3 

Cryogenic  Fluid  Depot 


Coordination  will  also,  be  maintained  with 
programs  to  develop  advanced  structural 
concepts  within  the  Materials  and  Struc¬ 
tures  Division  of  OAST.  These  activities 
often  focus  on  concepts  for  specific  classes 
of  systems  which  can  benefit  from 
Pathfinder  technology  and  which,  in  turn, 
can  provide  greater  insight  into  the  nature 
of  advanced  space  structures. 

An  important  activity  within  NASA  is  the 
planning  and  advocacy  of  long  range  mis¬ 
sions  and  technology  efforts  to  support 
those  missions.  As  such,  close  cooperation 
will  be  maintained  with  the  Office  of 
Exploration  (and  to  the  extent  required  the 
Office  of  Space  Science  and  Applications). 

Overall  coordination  with  the  other 
elements  of  Pathfinder,  the  OAST  space 
program  in  general,  and  overall  NASA 
space  plans  and  policy  will  maintained 
through  the  OAST,  Directorate  for  Space. 
In  particular,  the  Out-Reach  space 
experiments  program  has  accepted 
proposals  to  define  three  space  welding 
experiments.  If  later  accepted  for 
development  they  would  be  candidates  for 
shuttle  flight  experiments.  As  such,  they 
would  provide  strong  support  to  this 
element  of  Pathfinder  and  will  be  consid¬ 
ered  during  program  planning. 


Resources.  Project  resource  requirements 
for  the  fiscal  years  1989  through  1993  are 
approximately  $30  million.  The  resource 
allocation  for  FY  1989  is  $1  million. 


3.3.1  Technology  Requirements 

Current  planning  for  future  U.S.  missions 
includes  spacecraft  that  will  be  launched 
into  low  Earth  orbit  (LEO)  with  limited,  or 
no,  operationally-required  cryogenic  fluids 
on-board  (for  example,  fuels  -  such  as 
liquid  hydrogen  and  liquid  oxygen,  or 
coolants  -  such  as  liquid  nitrogen).  Such  a 
launch  scenario  may  be  preferred  for  a 
variety  of  reasons;  these  include  launched 
mass  reduction,  thermal  performance  opti¬ 
mization  ,  and  risk  reduction.  Cryogenic 
fluids  for  these  spacecraft  will  be 
transported  to  orbit  separately,  and  then 
transferred  to  the  user-spacecraft  on-orbit 
for  operations.  Periodic  resupply  of 
cryogens  may  also  be  required  in  order  to 
extend  the  useful  life  of  this  class  of 
spacecraft  -  or  of  selected  payloads 
accommodated  on  the  U.S.  Space  Station. 

A  variety  of  future  U.S.  space  missions  and 
operations  will  depend  upon  the  availability 
of  on-orbit  cryogen  supplies.  The  viability 
of  a  space-based  Space  Transfer  Vehicle 
(STV),  for  example,  will  require  on-orbit 
cryogen  resupply.  Also,  nearer-term 
robotic  solar  system  exploration  missions, 
such  as  a  planned  Mars  rover  and  sample 
return  mission,  could  be  substantially 
enhanced  by  the  capability  to  "top-off' 
upper  stages  in  LEO. 

Piloted  missions  to  Mars  will  (under 
currently  feasible  scenarios)  be  impossible 
without  propellant  supplies  at  an  on-orbit 
Cryogenic  Fluid  Depot.  Piloted  Mars 
mission  scenarios  currently  under  study  will 
require  on-orbit  assembly  of  the  piloted 
spacecraft  from  separately  launched 
mission  elements.  The  total  mass  of  such  a 
vehicle  in  LEO  could  exceed  one  million 
pounds  -  seventy-five  percent  (75%)  of 
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Conceptual  illustration  of  a  cryogenic 
fluid  depot  in  low  Earth  orbit 
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which  would  be  for 
cryogens.  (The  primary 
cryogens  for  this  applica¬ 
tion  would  be  propellants, 
with  possible  additional 
cryogens  for  life  support 
and/or  instrument  cooling.) 

In  addition,  this  mission 
would  require  cryogen 
storage  for  over  two  years 
to  fuel  return-transit  staging 
from  Mars  orbit 

In  order  to  provide  a 
"Cryogenic  Fluid  Depot" 
capability,  techniques  for 
the  long-term  storage  of 
cryogens  in  LEO,  and 
elsewhere,  will  be  required. 

Transfer  of  cryogenic  fluids 
from  storage  to  user- 
spacecraft  in  a  microgravity 
environment  will  also  be 
required.  In  addition,  a  variety  of 
supporting  services  technologies  such  as 
robotics  for  spacecraft  manipulation  during 
refueling  will  be  required. 


3.3.2  Technology  Assessment 

Three  systems  currently  exist  for  managing 
cryogenic  fluids  in  a  space  environment:  1) 
small-scale  storage  and  supply  systems  for 
superfluid  helium;  2)  small-scale 
supercritical  fluid  supply  systems  for 
hydrogen  and  oxygen;  and  3)  large-scale 
vehicle  cryogen  propulsion  systems.  None 
of  these  systems  currently  meet  critical 
requirements  for  long-term  storage,  supply 
and  transfer  of  liquid  hydrogen  and  liquid 
oxygen,  nor  do  they  meet  the  requirements 
of  vehicle,  tankage,  and  facility  operations 
in  a  microgravity  space  environment. 

Current  technology  programs  are  focused 
on  developing  a  large-scale,  space-based 
system  to  meet  these  requirements. 
Analytical  models  are  under  development. 


test  facilities  are  being  upgraded,  and 
contracting  efforts  to  perform  in-space  ex¬ 
periments  are  being  planned. 

3.3.2  Program  Description 

The  goal  of  the  Pathfinder  On-Orbit 
Cryogenic  Fluid  Depot  Program  is  to 
develop  the  technology  base  required  to 
prerform  storage,  supply,  and  transfer  of 
subcritical  cryogenic  liquids  in  a 
microgravity  space  environment.  The  long¬ 
term  goal  of  this  technology  program  is  to 
enable  on-orbit  fueling  and/or  cryogen 
resupply  operations  for  future  spacecraft 
and  space  transportation  vehicles,  and  to 
provide  the  technology  for  very-long  term 
storage  of  cryogenic  fluids  in  space. 

Program  objectives  include: 

(1)  Development  of  depot  conceptual  de¬ 
signs  from  which  critical  technology  areas 
will  be  identified,  since  the  criticality  of  a 
technology  depends  on  the  depot  concepts 
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assumed; 

(2)  Performance  of  critical  research  and  ad¬ 
vancement  of  technology  readiness  levels  in 
the  areas  of  Fluid  Management  and  poten¬ 
tially  in  the  areas  of  Depot  Operations, 
Structures  and  Materials,  Orbital  Operations 
and  Logistics,  and  Safety.  This  will  include 
large-scale  ground  testing  and/or  analytical 
modeling  of  all  critical  technology  items 
considered  to  be  enabling  to  the  operations 
of  a  Depot;  and 

(3)  In-Space  requirements  for  flight  testing 
will  be  defined,  even  though  flight  experi¬ 
ment  development  is  not  within  the  scope  of 
this  program. 

Initial  studies  will  be  performed  to  identify 
cryogenic  fluid  user  needs  and  requirements 
and  to  develop  on-orbit  cryogenic  fluid 
depot  concepts  to  meet  the  identified  re¬ 
quirements.  From  these  depot  concepts, 
technology  requirements  and  deficiencies 
will  be  identified.  For  each  of  the  identified 
technology  deficiencies,  a  technology  road¬ 
map  will  be  prepared  which  defines  the  crit¬ 
icality  of  the  identified  technology,  assesses 
the  current  state  of  technology  readiness 
and  the  state  of  technology  readiness  re¬ 
quired  for  the  development  of  an  operation¬ 
al  on-orbit  cryogenic  fluid  depot. 
Additionally,  it  will  identify  generic  tech¬ 
nology  efforts  in  other  program  areas  and 
assess  the  value  of  that  work  in  providing 
the  technology  readiness  levels  required. 
These  roadmaps  will  be  used  to  lay  out  a 
time-phase  technology  program  in  each 
area. 

Cryogenic  fluid  management  technologies 
are  inherent  in  all  p>otential  on-orbit  cryo¬ 
genic  fluid  depot  concepts.  A  detailed  tech¬ 
nology  roadmap  and  program  was  devel¬ 
oped  under  the  R&T  Base  Program  in 
FY88.  The  program  includes  analytical 
modeling,  ground-based  experimentation 
and  flight  experimentation.  Flight  experi¬ 
mentation  requirements  are  being  defined 


and  are  required  for  technology  develop¬ 
ment  even  though  the  funding  requirements 
for  the  exf>eriments  exceed  the  current  pro¬ 
jected  funding  levels  for  the  On-Orbit 
Cryogenic  Fluid  Depot  element  in  Project 
Pathfinder. 

Cryogenic  fluid  managements  technologies 
have  also  been  identified  as  the  most  critical 
area  for  development  to  enable  an  on-orbit 
cryogenic  fluid  depot.  On  the  basis  of  that 
assessment,  the  overall  Cryogenic  Fluid 
Depot  program  emphasizes  that  area  in  the 
near  term.  Once  mission  studies,  user  needs 
and  requirements  and  depot  concepts  are 
developed,  it  is  conceivable  that  additional 
critical  technologies  may  be  developed. 

In  order  to  evaluate  the  interaction  of  vari¬ 
ous  depot  subsystems  and  components,  a 
ground-based  (1-g),  subscale  depot  demon¬ 
stration  is  required.  If  budget  permits,  this 
demonstration  may  include  but  not  be  limit¬ 
ed  to  thick  insulation  materials,  para-to-orto 
conversion,  light  weight  tankage,  multiple 
vapor-cooled  shield,  a  thermodynamic  vent 
system,  a  fluid  mixer,  and  possibly  refnger- 
ation  and/or  liquefaction.  A  ground-based 
demonstration  will  also  serve  as  a  ground 
testbed  for  gauging  and  leak  detection  in¬ 
strumentation. 

The  program  will  be  implemented  in  two 
phases.  The  first  phase  will  validate  the 
fluid  management  ground  technology  and 
will  establish  depot  concepts  consistent 
with  agency  mission  planners.  The  second 
phase  will  validate  sub-scale  depot  sub¬ 
systems  and  component  interactions  in  a 
ground-based  demonstration. 


Deliverables 

PHASE  I.  By  the  early-to-mid  1990’s 
concept  formulation  for  a  full-scale  depot 
will  have  been  completed.  Analytical  mod¬ 
els  describing  all  aspects  of  low  gravity 
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cryogenic  fluid  management  (including 
storage,  supply  and  transfer)  will  be  devel¬ 
oped  and  valiciated  as  much  as  possible  with 
normal  gravity  testing.  Ground-based  test¬ 
ing  of  instrumentation  components  will  be 
largely  completed.  A  depot  technology 
roadmap  will  be  completed  assessing  the 
current  state  of  technology  readiness  and 
the  state  of  technology  readiness  required 
for  the  development  of  an  operational  On- 
Orbit  Cryogenic  Fluid  Depot  This  road¬ 
map  will  be  used  to  define  a  time-phased 
technology  program  in  each  area. 

PHASE  n.  By  the  late  1990's,  ground- 
based  (low  gravity)  validation  of 
subsystems  and  integrated  cryogenic  fluid 
management  analytical  models  will  be  com¬ 
pleted.  The  ground-based  subscale  depot 
demonstration  will  be  in  progress.  (Note:  If 
approved  separately,  a  cryogenic  fluid 
management  experiment  .  may  be 
implemented  by  the  late  1990’s.) 


3.3.4  Organization  and 
Management 

Work  Breakdown  Structure.  Figure  3-3 
provides  the  top  level  work  breakdown 
structure  (WBS)  for  the  program.  This 
structure  may  be  revised  and  refined  until 
the  program  is  established  in  sufficient 
depth.  This  program  is  organized  primarily 
along  technology  needs. 

Management  Structure.  The  overall  pro¬ 
gram  will  be  managed  by  a  program  manag¬ 
er  in  the  OAST  Propulsion.  Power  and 
Energy  Division  (RP).  Technology  project 
management  responsibility  will  reside  at 
LeRC  in  the  Cryogenic  Fluid  Technology 
Office  (CFTO).  The  program  manager  will 
have  the  responsibility  of  coordinating  with 
other  programs  and  Pathfinder  elements  to 
avoid  duplication  of  efforts  and  to  ensure 
that  all  technologies  are  being  adequately 


Figure  3-3 

Work  breakdown  structure  for  the  Pathfinder 
Cryogenic  Fluid  Depot  Technology  Project 
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addressed.  The  technology  project  manager 
will  have  the  responsibility  within  the  pro¬ 
gram  of  ensuring  that  specific  technology 
efforts  are  coordinated  through  matrixed  re¬ 
sponsibilities  in  each  technology  discipline. 
The  technology  project  manager  will  utilize 
discipline  branches  within  the  LeRC 
Cryogenic  Fluid  Technology  Office  as  well 
as  the  expertise  available  the  the  LeRC 
Advanced  Space  Analysis  Office,  the  Jet 
Propulsion  Laboratory  (JPL),  and  the 
Johnson  Space  Center  (JSC)  and  other 
NASA  centers  as  appropriate.  Figure  3-3 
depicts  the  current  management  structure 
for  the  On-Orbit  Cryogenic  Fluid  Depot 
Program.  As  additional  technology  needs 
become  apparent,  additional  NASA  centers 
may  become  involved. 

LeRC  will  have  the  responsibility  for  lead¬ 
ing  the  development  of  a  technology  project 
plan  and  for  the  administration  of  the  plan 
through  the  program.  All  participating  cen¬ 
ters  will  be  responsible  to  the  project  man¬ 
ager  for  all  questions  including  resources, 
program  responsibilities,  and  administrative 
matters  pertaining  to  reporting,  scheduling 
and  milestones. 

Program  Coordination.  The  On-Orbit 
Cryogenic  Fluid  Depot  Program  element  of 
Pathfinder  will  be  closely  coordinated  with 
appropriate  personnel  in  the  Office  of  Space 
Flight  (OSR.  Within  OAST,  coordination 
will  be  maintained  with  the  ongoing  CSTI 
programs  in  the  area  of  automation  and  ro¬ 
botics  in  OAST/RC,  with  OAST/RM  in  the 
area  of  materials  and  structures,  and  with 
OAST/RX  in  the  area  of  flight  experimenta¬ 
tion.  In  addition  to  mission  analyses  and  re¬ 
quirements  definition  within  the  program, 
this  effort  will  also  be  coordinated  with  the 
missions  studies  activities  of  the  Office  of 
Exploration  (OEXP),  the  Office  of  Space 
Science  and  Applications  (OSSA),  the 
Office  for  Space  Operations  (OSO),  and  the 
Office  of  Space  Station  (OSS).  As  appro¬ 
priate,  mission  enhancements  through  tech¬ 
nology  applications  will  be  recommended 


to  those  offices. 

A  systematic  approach  to  the  technology  is¬ 
sues  of  a  space-based  fluid  depot  will  begin 
with  the  definition  of  the  system  require¬ 
ments.  These  requirements  will  be  generat¬ 
ed  by  considering  the  missions  which  will 
require  depot  support.  These  requirements 
will  be  collected  from  the  user  organiza¬ 
tions  (Codes  C,  E,  M,  S,  and  Z)  and  cata¬ 
logued  in  a  database.  Depot  conceptual  de¬ 
signs  that  satisfy  these  requirements  will  be 
generated;  from  these,  critical  technology 
areas  will  be  identified.  Coordination  in 
these  efforts  will  ensure  consistency  of 
these  depot  concepts  with  current  agency 
planning. 

Resources.  Projected  resources  to  meet 
the  goals  and  objectives  of  the  Cryogenic 
Fluid  Depot  Technology  Program  for  fiscal 
years  1989  through  1993  are  approximately 
$25  million.  The  resource  allocation  for  the 
project  for  FY  1989  will  be  $3  million. 


Section  3.4 

Space  Nuclear  Power 

3.4.1  Technology  Requirements 

NASA  planning  for  future  solar  system  ex¬ 
ploration  includes  a  variety  of  missions 
which  could  either  be  enabled  or  substan¬ 
tially  enhanced  by  the  availability  of  high- 
levels  of  electrical  power.  These  include 
both  piloted  and  robotic  solar  system  explo¬ 
ration  missions,  such  as  outer  planet  space¬ 
craft  and  planetary  surface  applications. 
The  continuing  or  periodic  unavailability  of 
solar  radiation,  or  the  requirements  for  very 
high  power  levels,  make  photovoltaic  or 
solar  dynamic  power  systems  in 
combination  with  chemical  power  storage 
technologies  infeasible  as  the  long-term 
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primary  power  source  for  the  mission. 
Space  nuclear  power  can  meet  the  power 
requirements  of  these  missions. 

An  initial  outpost  on  the  Moon  (or  Mars) 
will  require  approximately  one  hundred 
kilowatts  (100  kW)  of  continuous  electrical 
power  for  operations;  these  include  life 
support,  science,  in  situ  resource  process¬ 
ing  research,  and  general  outpost 
installation  power  needs.  As  these  initial 
outposts  evolve  toward  permanently 
inhabited  bases,  their  power  requirements 
will  grow  to  the  megawatt  range,  support¬ 
ing  surface  mining,  in  situ 
oxygen  production  (for 
propellant  and  life  support 
utilization),  closed-loop  life 
support  systems,  and 
substantially  augmented  sci¬ 
ence  operations.  Space  nu¬ 
clear  power  systems  -  ap-- 
plied  to  a  Lunar  outpost,  for 
example  -  can  result  in  low 
Earth  orbit  (LEO)  mass  sav¬ 
ings  of  hundreds  of  tons.  For 
a  permanently  inhabited 
Lunar  outpost,  the  savings 
can  be  on  the  order  of 
thousands  of  tons  in  LEO. 

Similarly,  a  piloted  "sprint" 
mission  to  Mars  could  benefit 
substantially  from  the 
application  of  space  nuclear 
power.  Utilized  as  the  high 
power  source  for  electric 
propulsion  of  a  cargo  vehicle 
for  a  mission,  space  nuclear  power  can  re¬ 
sult  in  a  mass  savings  in  LEO  equivalent  to 
approximately  three-to-five  heavy  lift 
launch  vehicles  (HLLVs)  -  compared  to  a 
comparable  cargo  vehicle  utilizing  chemical 
propulsion  and  aerocapture  at  Mars. 
Similar  savings  in  LEO  mass  requirements 
and  in  reduced  time  spent  in  transit  would 
result  from  the  successful  application  of 
space  nuclear  power  to  electric  propulsion 
for  robotic  missions  to  the  outer  planets. 


Future  power  requirements  growth  may  also 
be  needed  to  support  non-planetary  mis¬ 
sions.  These  might  include  support  for  low 
Earth  orbit  (LEO)  activities  such  as  materi¬ 
als  processing  and  in-space  manufacturing, 
civil  air  and  ocean  traffic  control  systems. 
(The  latter  might  operate  in  the  high  radia¬ 
tion  belts.)  These  missions  would  benefit 
substantially  from  the  availability  of  reli¬ 
able,  long-life  space  nuclear  power  systems. 


3.4.2  Technology  Assessment 

The  SP-100  Program  is  the  only  space  reac¬ 
tor  development  program  in  the  United 
States  today.  A  much  earlier  effort,  the 
SNAP-lOA  system,  represented  this 
country's  first  and  only  pre-SP-100  space 
nuclear  reactor  system.  The  SNAP-lOA 
provided  about  six  hundred  watts  (600  W) 
of  electrical  power,  with  a  system  efficiency 
of  about  one  and  one-half  percent  (1-1/2  %) 


Conceptual  illustration  of  a  space  nuclear 
power  system  providing  power  to  an  advanced 
Lunar  outpost 
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in  April,  1965.  The  thermal  reactor 
operating  temperature  was  of  the  order  of 

980°K  with  a  system  design  life  of  one 
year.  SNAP-lOA  technology  is  inadequate, 
both  lifetime  and  power  level,  to  support 
projected  long-duration  Lunar  surface 
operations  or  other  solar  system  exploration 
missions. 

Terrestrially,  liquid  metal  reactors  have 

been  operated  at  600  to  750°K.  Current 
power  conversion  technology,  represented 
by  thermoelectric  static  conversion  using 
silicon-germanium  materials,  provides 
approximately  four  and  one-half  percent  (4 
1/2  %)  conversion  efficiency  for  the 
temperature  gradient  of  interest. 


3.4.3  Program  Description 

The  Pathfinder  "Space  Nuclear  Power  (SP- 
100)"  Program  represents  NASA's  partici¬ 
pation  in  the  on-going  "SP-100  Ground 
Engineering  System  (GES)  Project"  being 
managed  by  the  Department  of  Energy 
(DoE).^  The  objective  of  the  SP-100  effort 
is  to  develop  and  validate  the  technology 
for  space  nuclear  reactor  power  systems 
that  can  produce  lO’s  to  lOO’s  of  kilowatts 
of  electric  power  and  be  capable  of  seven 
years  of  operational  life  at  full  power. 

The  GES  Project’s  objectives  will  be 
accomplished  through  selected  components’ 
technology  development  and  by  validating 
the  performance  of  the  system  through  a 
Nuclear  Assembly  Test  (NAT),  and  an 
Integrated  Assembly  Test  (lAT). 

The  objective  of  the  NAT  is  to  test  a  full- 
scale  reactor,  as  well  as  the  instrumentation 
and  control  for  the  operation  of  the  reactor, 
and  the  radiation  shield  in  a  simulated 

2.  ♦Note:  The  SP-100  GES  Project  is  a  joint  effort 
between  the  Department  of  Energy  (DoE),  the 
Department  of  Defense  (DoD),  and  NASA. 


space  environment.  The  objective  of  the 
lAT  is  to  test  a  modular  segment  of  the 
power  conversion  and  radiator  subsystem 
with  an  electrically  heated  reactor  simula¬ 
tor. 

Lifetime  and  long-term  performance  of  the 
system  will  be  modeled,  and  validated 
through  extensive  component  testing. 

The  SP-lOO  GES  effort  needs  to  advance 
space  nuclear  power  system  technology  in 
several  key  areas.  These  include  high 

temperature  (1350°K)  refractory  alloys, 
high  temperature  control  devices  for  reactor 
operations,  thermoelectric  electromagnetic 
pumps,  high  efficiency  thermoelectric 
converters,  light-weight  heat  pipe  radiators, 
and  power  conditioning  and  control.  Safety 
assessment  and  design  and/or  operation^ 
considerations  are  a  major  aspect  of  the 
GES  program.  The  safe  operation  of  the 
reactor  must  be  assured  for  both  normal  and 
off-normal  situations,  on  the  ground,  at 
launch,  during  operations,  and  during  post- 
operations/end-ofilife  disposal. 

In  the  SP-IOO  Program,  space  nuclear 
power  technology  developments  are  being 
conducted  in  three  phases. 


Deliverables 

PHASE  I.  The  "Phase  I"  SP-100  program 
was  initiated  in  1983  with  a  survey  of  po¬ 
tential  civilian  and  military  applications  of 
space  nuclear  power.  Based  on  projected 
applications,  system  requirements  for  the 
GES  were  defined  and  multiple  contracts 
were  let  to  assess  several  concepts  and 
technologies  that  could  meet  those  systems 
requirements.  Phase  I  was  completed  in 
September,  1985.  A  reactor  and  conversion 
systems  were  selected,  and  a  power  level 
was  recommended. 

PHASE  II.  In  1985,  "Phase  11"  proceeded 
with  the  decision  to  implement  the  GES 
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Figure  3-4 

Work  breakdown  structure  for  the  SP-IOO 
Ground  Engineering  System  Project 


Project.  In  this  phase,  a  reference  flight 
system  is  being  designed  at  the  one  hundred 
kilowatt  (100  kWe)  electrical  power  level, 
and  the  requirements  of  the  GES  on 
subsystems  and  components  are  to  be  de¬ 
fined.  System  performance  is  to  be  demon¬ 
strated  separately  through  a  Nuclear 
Assembly  Test  (NAT)  and  an  Integrated 
Assembly  Test  (lAT). 

System  lifetime  will  be  demonstrated 
through  component-level  testing;  life  mod¬ 
els  will  be  developed.  System  reliability, 
survivability,  scalability,  and  safety  will  be 
demonstrated  through  testing  and  analysis 
at  the  system  level.  A  reference  flight  sys¬ 
tem  design  for  Phase  II  has  been  defined. 

Following  Phase  II,  a  flight  demonstration 
(Phase  III)  of  an  SP-100  system  is  being 
considered.  Planning  is  currently  underway 
for  this  phase. 


3.4.4  Organization  and 
Management 

The  SP-100  Space  Nuclear  Power  Program 
is  an  on-going  DoE/DoD/NASA  effort  and 
is  under  the  cognizance  of  an  Interagency 
Steering  Committee  established  by  a  memo¬ 
randum  of  agreement  (MOA)  between 
DoD,  DoE,  and  NASA.  NASA's  contribu¬ 
tion  is  transferred  in  a  single  block  to  DoE 
for  sponsorship  of  the  effort. 


Work  Breakdown  Structure.  Figure  3-4 
provides  a  preliminary  work  breakdown 
structure  (WBS)  for  the  program.  The 
program  is  organized  along  discipline  lines, 
with  a  systems  contractor  who  has 
responsibility  for  integration  of  all 
activities.  JPL  is  responsible  for  overall 
GES  project  management  with  General 
Electric  (GE)  serving  as  system  contractor. 
LANL  has  project  management  responsibil¬ 
ities  for  nuclear  systems. 
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An  ICB  is  formed  for  each  activity  outside 
the  system  contract  with  members  from  GE, 
the  project  office,  and  the  individuals 
responsible  for  the  activity.  The  function  of 
the  ICB  is  to  ensure  that  the  various 
activities  are  in  phase  with  overall  project 
flow  and  consistent  with  the  tasks  of  the 
system  contractor. 


Management  Structure.  Overall  program 
coordination  will  be  directed  by  a  Program 
Manager  in  RP.  Management  of  the  SP- 
100  GES  Project  is  through  the  organization 
established  by  DoE.^ 


Program  Coordination.  The  SP-100  GES 
Project  involves  three  government  agencies: 
DoE,  DoD,  and  NASA.  The  SP-100  GES 
Project  involves  four  DoE  laboratories:  Los 
Alamos  National  Laboratory  (LANL),  Oak 
Ridge  National  Laboratory  (ORNL), 
Hanford  Engineering  Development 
Laboratory  (HEDL),  and  also  involves  two 
NASA  field  centers:  the  Jet  Propulsion 
Laboratory  (JPL)  and  the  Lewis  Research 
Center  (LeRC). 

Within  OAST,  the  Space  Nuclear  Power 
Program  is  coordinated  with  the  on-going 
CivU  Space  Technology  Initiative  (CSTI) 
High  Capacity  Power  Program. 
Opportunities  for  performance  growth, 
reduced  mass,  and  increased  reliability  and 
lifetimes  are  the  key  areas  for  consideration. 


Resources.  The  resources  allocated  for  the 
SP-100  GES  technology  development 
project  are  provided  from  the  three  partners 
in  the  effort,  DoD,  DoE,  and  NASA.  At 
present,  the  NASA/Pathfinder  share  of 
those  resources  for  the  fiscal  years  1989 
through  1993  are  projected  at  $  105  million. 
The  1989  allocation  is  $10  million. 


3.  Sec  the  SP-OO  GES  Project  Management  Plan 
for  additional  information. 


In-Space  Operations 


Section  3.5 

Resource  Processing  Pilot  Plant 

3.5.1  Technology  Requirements 

The  use  of  non-terrestrial  resources  has  the 
potential  to  provide  substantial  benefits  to  a 
wide  variety  of  future  activities  in  space  by 
dramatically  reducing  the  amount  of 
material  that  must  be  launched  from  Earth, 
and  resultant  high  transportation  costs.  For 
example.  Lunar  rocks  and  soil  could  be 
processed  into  life  support  supplies, 
propellants,  constmction  materials  and 
shielding  for  general  use  in  space,  as  well  as 
on  the  Lunar  surface.  This  could  include 
resupply  of  low-Earth  orbit  (LEO)  stations, 
and  outfitting  interplanetary  missions 
originating  from  the  Moon.  Furthermore, 
any  process  developed  for  the  Moon  would 
provide  the  knowledge  and  experience  re¬ 
quired  to  develop  similar  processes  in  space 
or  on  other  planets  in  a  low  gravity 
environment  (such  as  oxygen  and  propellant 
production  on  Mars). 

The  first  step  in  establishing  the  capability 
to  produce  needed  materials  from  extra¬ 
terrestrial  resources  will  be  the  validation  of 
materials  handling  and  processing 
technology  during  a  period  of  Earth- 
dependent  exploration.  This  will  lead  to 
increasing  self-sufficiency  for  an  array  of 
space  activities.  This  will  be  accomplished 
through  small  pilot  plants.  Currently, 
sufficient  technology  does  not  exist  to 
select  the  raw  materials  or  processes,  or  to 
design  pilot  plants  for  this  purpose. 


3.5.2  Technology  Assessment 

There  is  currently  no  established  program  to 
develop  the  technology  to  process  extra¬ 
terrestrial  materials.  While  many  potential 
processes  have  been  identified  for  the 
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processing  of  Lunar  and  Martian  materials, 
few  have  been  explored  in  the  laboratory. 
The  feasibility  of  producing  fiberglass  and 
bricks  from  Lunar  soil  has  been 
demonstrated  by  heating  and  compaction 
processes.  To  date,  efforts  have 
concentrated  on  the  feasibility  of  producing 
oxygen  and  metal  (iron)  from  Lunar  soils. 
Currently,  one  company  is  looking  at  Lunar 
oxygen  production  by  fluidized  bed 
hydrogen  reduction  of  ilmenite  (an  oxide  of 
iron  and  titanium),  and  another  is  looking  at 
electrochemical  Uberation  of  oxygen  from 
Lunar  simulant  anorthite  (a  silicate  of 
calcium  and  aluminum). 

In  the  hydrogen  reduction  process,  ilmenite 
is  converted  to  oxygen,  and  titanium  diox¬ 
ide.  A  key  consideration  for  this  process  is 
that  the  hydrogen  required  to  reduce  the 
ilmenite  is  recoverable.  This  fact  is  critical 
because  hydrogen  is  very  scarce  on  the 
Moon  (approximately  75  ppm)  while 
regolith  is  about  46%  oxygen.  While  these 
processes,  and  a  few  others,  are  being 
evaluated  on  a  laboratory  scale,  there  are 
many  other  potential  chemical  processes 
that  need  to  be  evaluated  for  feasibility.  In 
addition,  there  has  been  no  significant  effort 
on  the  collection  and  sorting  of  Lunar  soil 
and  rocks,  or  on  the  automation  of  potential 
processes  for  utilizing  Lunar  resources. 


3.5.3  Program  Description 

This  element  of  Pathfinder  will  focus  on 
developing  the  processing  technology  for 
the  collection,  extraction,  and  production  of 
useful  materials  from  extra-terrestrial 
resources.  The  initial  emphasis  will  be  on 
the  production  of  oxygen,  metals,  and 
construction  materials  on  the  Moon.  This 
effort  will  serve  as  the  basis  for  a  broader 
program  to  develop  processing/production/ 
manufacturing  technology  for  a  permanent, 
and  self-sufficient  Lunar  settlement  and  for 
other  planetary  outposts.  Lunar  rocks  and 
soils  contain  significant  amounts  of  oxygen. 


metals  (iron,  titanium,  aluminum,  magne¬ 
sium,  silicon),  and  glasses  which  can  be 
processed  for  utilization  as  life  support 
supplies,  propellants,  construction  materi¬ 
als,  and  shielding  materials. 

In  order  to  capitalize  on  the  potentials  of 
these  Lunar  resources,  the  technology  for 
the  Lunar  operations  necessary  to  collect 
and  sort  materials  on  the  Moon,  as  well  as 
the  extraction  and  processing  methods 
themselves  must  be  developed.  The 
Resource  Processing  Pilot  Plant  program 
will  provide  the  basis  for  the  development 
of  large-scale  autonomous  processes  for  the 
utilization  of  Lunar  resources  to  support 
permanent  Lunar  bases. 

In  the  near-term,  the  Resource  Processing 
Pilot  Plant  program  will  focus  on 
developing  chemical/physical  processes  for 
producing  oxygen,  metals  and  construction 
materials  on  the  Lunar  surface. 
Consideration  will  be  given  to  other  extra¬ 
terrestrial  environments  but,  as  a  minimum, 
the  program  will  be  planned  to  meet 
requirements  of  a  Lunar  outpost.  Within 
that  context,  the  highest  priority  will  be 
given  to  oxygen  production  for  life  support. 

At  the  beginning  of  the  program,  several 
methods  will  be  supported  -  leading  to 
selection  of  the  most  promising  for  further 
development.  Process  evaluation  criteria 
will  include  raw  material  requirements, 
power  consumption,  process  durability  (life 
time  of  production  hardware),  compatibility 
with  automation  and  overall  synergism  with 
other  processes  to  reduce  complexity.  To 
guide  the  selection  process,  overall  pilot 
plant  systems  studies  will  commence  at  the 
beginning  of  the  program.  Also,  to  support 
process  development.  Lunar  simulants  will 
be  reproduced  and  methods  of  material 
collection  and  handling  will  be  studies.  (To 
the  extent  possible  collection  and  handling 
methods  development  may  also  be 
conducted,  but  at  lower  priority  than 
process  development.) 
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Processes  to  collect  and  sort  materials  ro¬ 
botically  will  also  be  identified  and 
developed,  but  at  lower  priority  than  pro¬ 
cess  development.  However,  it  is  important 
to  consider  these  issues  early  in  the  program 
to  guide  the  selection  of  candidate  produc¬ 
tion  processes. 

Selected  processes  will  then  be  developed 
individually  in  the  laboratory,  but  with  a 
stronger  emphasis  on  technology 
development  ^an  fundamental  process 
development.  This  will  lead  to  the  selection 
of  a  final  set  of  methods  (possibly  more 
than  one  for  each  product)  to  be  developed 
in  an  integrated  manner.  At  the  same  time, 
a  conceptual  design  for  a  pilot  plant  (or 
plants)  will  be  developed.  The  plant 
concept  and  integrated  methods 
development  will  emphasize  validation  of 
the  ability  to  produce  needed  materials 
efficiently,  reliably  and  in  large-scale 
through  a  small  pilot  plant.  Eventually,  a 
laboratory  pilot  plant  will  be  built  to 
optimize  and  validate  integrated  production 
methodologies  and  hardware  concepts. 


Deliverables 

PHASE  I.  By  the  early-to-mid  1990's  the 
processes  to  extract  oxygen,  metals,  and 
other  useful  materials  economically  from 
Lunar  soil  will  be  demonstrated  on  a 
laboratory  scale  and  the  candidate  processes 
for  Lunar  pilot  plants  will  be  identified. 
Some  telerobotic  concepts  for  collection, 
handling,  and  sorting  Lunar  materials  will 
be  developed.  Lunar  processing 
methodologies  will  be  developed  that  have 
low  power  requirements,  minimal 
dependence  on  Earth-supplied  and  scare 
Lunar  materials,  and  overall  synergistic 
relationship  among  themselves  to  reduce 
complexity.  The  processes  developed  must 
also  be  durable. 


PHASE  II.  By  the  late  1990's  benchtop 
pilot  plants  compatible  with  autonomous 
operation  which  require  only  a  minimal 
degree  of  monitoring  will  be  developed  for 
the  utilization  of  the  abundant  Lunar 
resources.  They  will  be  validated  by 
simulating  Lunar  operations  on  artificially 
produced  Lunar  materials.  Technology  will 
be  in  place  to  begin  development  of  actual 
hardware  systems  for  a  Lunar  mission. 
Also,  process  scalability  will  have  been 
demonstrated  to  satisfy  the  eventual 
requirements  to  have  a  plant  on  the  Moon 
with  the  capability  of  processing  large 
quantities  of  resources. 


3.5.4  Organization  and 
Management 


Work  Breakdown  Structure.  Figure  3-6 
provides  a  preliminary  work  breakdown 
structure  (WBS)  for  the  program.  The  WBS 
will  consist  of  four  main  elements.  The 
first  is  basic  methods  development.  All 
individual  methods  evaluation  and 
development  will  be  conducted  under  this 
element.  A  second  element  will  address 
raw  materials  preparation.  This  will  include 
the  production  of  Lunar  simulants  of  raw 
materials  to  support  process  development 
and  robotic  collection.  Also,  any  methods 
for  physical  or  mechanical  preprocessing  or 
separating  of  materials  would  be  conducted 
under  this  element  (e.g.  crushing, 
electromagnetic  separation). 

The  third  element  of  the  work  breakdown 
structure  will  focus  on  process  engineering. 
This  will  include  mechanical  systems,  in¬ 
strumentation,  gas  separation,  and  thermal 
management.  Concepts  for  process  auto¬ 
mation  and  control  will  also  be  considered 
in  this  work  package.  Technology  devel¬ 
oped  from  these  activities  will  enable  the 
design  of  efficient,  durable  production  pro- 
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Figure  3-5 

Work  breakdown  structure  for  the  Pathfinder 
Resource  Processing  Pilot  Plant  Technology  Project 


cesses  at  a  representative  pilot  plant. 

The  fourth  element  will  focus  on  pilot  plant 
concepts  including  conceptual  design  (and 
later  in  the  program  construction  of  a 
laboratory  pilot  plant).  This  element  will 
also  address  synergism  with  other  extra¬ 
terrestrial  resources  (such  as  Martian)  and 
develop  a  long  range  program  building 
from  the  technology  for  a  Lunar  pilot  plant. 
As  such,  should  NASA  mission  priorities 
for  resource  processing  shift  away  from  the 
Moon,  the  Resource  ftocessing  Pilot  Plant 
element  of  Pathfinder  will  be  in  a  position 
to  focus  on  these  requirements. 


Management  Structure.  The  overall 
program  will  be  managed  by  a  program 
manager  in  the  OAST  Materials  and 
Structures  Division  (RM).  During  the 
initial  planning  phase  a  technical  advisory 
committee  will  be  formed  consisting  of 


selected  technical  specialists  from  field  cen¬ 
ters,  RM,  the  OAST  Space  Directorate 
(RS),  and  representatives  from  OSSA  and 
OEXP.  The  committee  will  be  chaired  by 
RM  and  remain  in  place  for  the  duration  of 
the  program,  with  membership  adjusted  as 
required.  This  committee  will  be  charged 
with  evaluating  the  technical  goals, 
objectives  and  progress  of  the  program  as 
related  to  an  established  program  plan. 
After  a  program  plan  has  been  developed 
and  approved  within  NASA,  membership 
may  be  expanded  outside  of  NASA. 

The  lead  center  for  development  of  a 
detailed  program  plan  is  the  NASA  Johnson 
Space  Center  (JSC).  This  center  will  have 
responsibility  for  leading  the  development 
of  a  program  planned  for  administration  of 
the  plan  throughout  the  program.  A 
program  coordinator  will  be  assigned  at 
JSC  for  that  purpose.  The  key  participating 
center  identified  at  this  time  for  program 
development  and  implementation  is  the  Jet 
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Propulsion  Laboratory  (JPL).  All  eventual 
participating  centers  will  be  responsible  to 
the  program  manager  in  RM  for  all  areas 
involving  resources  and  program 
responsibility.  They  will  be  responsible  to 
the  lead  center  in  administrative  matters 
pertaining  to  reporting,  schedule  and 
milestones. 


Program  Coordination.  The  Resources 
Processing  Pilot  Plant  element  of  Pathfinder 
will  be  closely  coordinated  with  the  Office 
of  Space  Science  and  Applications  (OSSA) 
and  the  Office  of  Exploration  (OEXP). 
Within  OAST,  coordination  will  be 
maintained  with  the  Information  Sciences 
and  Human  Factors  Division  (RC)  in  the 
areas  of  automation  and  robotics  and  with 
the  Space  Directorate  (RS)  as  the  focal 
point  for  all  Pathfinder  elements. 

Resources.  Resource  requirements  for  the 
fiscal  years  1989  through  1993  are  project¬ 
ed  at  approximately  $21  million. 


Section  3.6 

Optical  Communications 

3.6.1  Technology  Requirements 

NASA  planning  for  future  solar  system 
exploration  includes  piloted  and  robotic 
missions  to  the  Moon,  Mars,  and  the  outer 
planets.  The  success  of  future  solar  system 
exploration  missions  will  depend  upon  a 
wide  variety  of  factors.  A  key  measure  of 
mission  success  is  scientific  productivity. 
Maximizing  scientific  productivity  for  a 
given  spacecraft  can  be  accomplished  by 
providing  high  data  rate  communications 
between  the  spacecraft  and  mission 
operations  on  Earth  (or  the  Space  Station). 

Radio  frequency  microwave  communica¬ 


tions  technology  requires,  for  a  fixed  gain, 
either  higher  frequencies  or  larger  antennas. 
Current  radio  frequency  (RF)  antennas  are 
beginning  to  dominate  the  overall  structure 
of  typical  robotic  spacecraft.  Ambitious 
robotic  and  piloted  missions  not  only  re¬ 
quire  higher  data  rate  performance,  they 
also  impose  stricter  constraints  on  available 
power,  mass,  and  volume,  for  all  spacecraft 
subsystems  -  including  communications.  In 
long-term  surface  applications,  ruggedness 
and  reliability  will  be  imponant  require¬ 
ments.  Even  without  constraints,  RF  tech¬ 
nology  would  be  hard-pressed  to  provide 
the  orders  of  magnitude  increases  in  data 
rates  required  to  maximize  scientific 
productivity  for  the  broad  array  of  potential 
future  missions  of  solar  system  exploration. 

Optical  communications  technologies  could 
reduce  the  size  of  transmitter/receiver 
antennas  by  over  a  factor  of  ten  (10:1 
reduction),  while  offering  multi-gigabit  per 
second  data  rates  in  Earth  orbit,  multi¬ 
megabit  per  second  data  rates  throughout 
the  inner  solar  system,  and  multi-hundreds 
of  kilobits  per  second  performance  to  the 
outer  planets. 

Unique  NASA  technology  requirements  for 
communications  systems  include  high  data 
rates,  very  high  sensitivity  receivers,  large 
multimeter  receiver  apertures,  and/or  very 
long  distances  communications.  Moreover, 
NASA  can  utilize  the  latent  potential  in  the 
transmitted  beam  to  do  science  as  well  as 
communications.  The  science  requirements 
could  be  accommodated  by  having  a  laser 
and  telescope  on  the  spacecraft. 
Experiments  such  as  laser  scattering  off 
ring  particles,  laser  induced  absorption  and 
emission  properties  of  planetary 
atmospheres,  and  selected  backscatter  lidar 
should  be  possible. 

NASA  also  uses  a  spacecraft's  communica¬ 
tions  beam  for  deep  space  navigation. 
Optical  communications  can  meet  this 
technology  requirement.  Borrowing  from 
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techniques  developed  by  the  astronomy 
community,  astrometric  navigational 
tracking  of  a  spacecraft  from  a  single 
optical  telescope  should  yield  navigation 
precision  two  orders  of  magnitude  better 
than  current  intercontinentally-spaced  mi¬ 
crowave  very  long  baseline  interferometry 
(VLBI)  tracking.  Other  studies  indicate  that 
optical  heterodyne  communications  will 
enable  missions  such  as  Starprobe  which 
require  realtime  communications  while  the 
spacecraft  travels  through 
the  Sun’s  plasma. 

3.6.2  Technology 
Assessment 

At  the  present  time,  space¬ 
craft  communications  are 
accomplished  at  microwave 
frequencies,  primarily  at  X- 
,  Ku-,  or  Ka-  band.  At 
these  frequencies,  the 
spacecraft  system  is  domi¬ 
nated  by  the  antenna,  which 
can  be  up  to  four-to-five 
meters  in  diameter.  At  the 
same  time,  the  Deep  Space 
Network  (DSN)  -  the 
receiving  stations  for  deep 
space  spacecraft  communi¬ 
cations  -  includes  the 
world's  largest  steerable 
radio  telescope  arrays. 

Despite  the  tremendous  DSN  arrays  and 
large  spacecraft  antenna  sizes,  however, 
data  rates  using  RF  frequencies  can  be  the 
limiting  factor  in  the  scientific  return  of  a 
mission.  In  the  case  of  the  Voyager 
mission,  the  maximum  data  rate  possible 
was  a  meager  twenty-two  kilobits  per 
second  (22  kbps)  at  Saturn  encounter. 

Microwave  communications  will  severely 
impact  potential  scientific  return  from 
present  missions  and  seriously  compromise 
even  minimal  future  ambitious  solar  system 
exploration  mission  data  requirements. 


Studies  indicate  that  optical  communica¬ 
tions  systems  will  communicate  from  deep 
space  and  near-Earth  distances  with  data 
rates  in  the  tens-to-hundreds  of  megabits 
per  second(10s-to-l00s  of  mbps)  to  the  tens 
of  gigabits  per  second  (10s  of  gbps). 

Important  technologies  which  must  be 
developed  and/or  improved  include 
diffraction-limited  laser  transmitters  with 
high  powers  and  long  lifetimes  and  pointing 


systems  capable  of  sub-microradian  accura¬ 
cies.  All  of  these  technologies  must  be 
developed  and  demonstrated  in  space  to 
validate  readiness  for  operational  use. 

3.6.3  Program  Description 

The  goal  of  the  Pathfinder  Optical 
Communications  Program  is  to  carry 
optical  communications  technology  to  the 
level  of  readiness  required  for  future 
selection  of  this  technology  for  flight  sys¬ 
tem  applications  in  low  Earth  orbit  (LEO), 


An  advanced  robotic  probe  transmits 
high-rate  scintfic  data  back  to  Earth  from 
Saturn 
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geostationary  Eanh  orbit  (GEO),  and 
beyond.  To  accomplish  this  goal,  Pathfinder 
Optical  Communications  Program  will 
develop  the  flight-qualified  component  and 
system  technologies  required  to  flight 
demonstrate  the  transfer  of  data  at  mega-  to 
giga-  bits  per  second  rates:  (1)  from  GEO  to 
LEO,  (2)  from  GEO  to  GEO,  and  (3)  from 
deep  space  to  Earth  and/or  LEO. 

Critical  technology  objectives  include  the 
development  of  lightweight  highly  efficient 
laser  transmitters,  high  precision  pointing 
and  tracking  systems,  large  aperture 
lightweight  receiver  telescopes,  and  high 
sensitivity  direct  and  heterodyne  detection 
systems. 

The  components  will  be  incorporated  in  an 
engineering  system  and  first  tested  in  a 
LEO  (GEO  to  LEO  or  LEO  to  LEO) 
technology  demonstration.  Next,  optical 
pointing,  tracking,  and  communication 
performance  will  be  demonstrated  in  a 
spacebome  mission  by  returning  data  at  a 
twenty  megabit  per  second  (20  Mbps)  rate 
from  Mars  to  either  GEO,  LEO,  or  Earth. 
The  latter  objective  may  be  accomplished 
by  means  of  a  flight  experiment  package 
on-board  the  Cassini  mission.  The  data 
obtained  from  these  Pathfinder  technology 
demonstrations  are  prerequisite  for  the 
demonstration  and  selection  of  operational 
deep  space  and  near-Earth  optical  commu¬ 
nications  systems. 

Mission  analysis  and  requirements  studies 
will  be  performed  to  guide  technology 
development  and  the  definition  of  planned 
Eanh  orbiting  and  deep  space  technology 
flight  demonstrations  of  optical  communi¬ 
cations.  In  addition,  research  and  develop¬ 
ment  of  selected  components  will  be 
initiated  and  concentrated  in  the  areas  with 
the  highest  system  benefits.  Operational 
limits  of  optical  communications  systems 
will  be  explored  and  expected  performance 
will  be  validated. 


The  Pathfinder  Optical  Communications 
Program  will  focus  on  the  Laser 
Technology  Experiment  Facility  (LTEF) 
which  is  Space  Shuttle-based,  and  a 
Cassini  spacecraft-carried  flight  experiment 
package. 

The  program  will  build  on  technology 
component  development  performed  as  part 
of  the  OAST  Research  and  Technology 
Base  program.  Component  research  devel¬ 
opment  will  concentrate  on  the  most 
challenging  and  high-potential  discipline 
areas  in  spacebome  optical  communication 
systems;  these  include: 

(1)  laser  transmitters  (semiconductor  diode 
arrays  or  diode  array-pumped  solid  state 
lasers  with  possible  injection  locking)  with 
high  power,  high  reliability,  and  medium- 
to-high  modulation  rates, 

(2)  sub-microradian  accuracy  open-  and 
closed-  loop  pointing  and  tracking  systems, 

(3)  direct  and  heterodyne  detection 
components  for  receivers,  and 

(4)  associated  optical  components  such  as 
mirrors,  lenses,  and  filters. 

A  breadboard  ground  technology  demon¬ 
stration  of  the  components  in  a  simulated 
space  environment  will  be  done.  Then  two 
engineering  flight  demonstrations  are  possi¬ 
ble  during  the  mid-to-late  1990’s.  The  first 
experiment  could  involve  a  laser  communi¬ 
cations  link  between  the  Pathfinder-devel¬ 
oped  LTEF  and  either  a  GEO  or  LEO  opti¬ 
cal  communications  terminal..  The  later 
flight  experiment  can  demonstrate  deep 
space  capabilities  using  a  Pathfinder- 
developed  optical  communications  package 
on  bo^  the  Cassini  spacecraft  and  either 
an  orbital  or  an  Earth-based  receiving 
terminal. 
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3.6.4  Organization  and 
Management 

Work  Breakdown  Structure.  The  work 
breakdown  structure  for  this  program  is  still 
being  defined.  The  program  will  be  orga¬ 
nized  along  discipline  lines.  Mission 
planning  and  flight  experiments  will 
provide  near-term  results  and  a  near-term 
focus  to  the  program. 


be  considered  when  studying  or  planning 
specific  experiments  and  technology 
activities. 


Resources.  The  Optical  Communications 
Technology  Project’s  anticipated  resource 
requirements  for  fiscal  years  1989  through 
1993  are  approximately  $25  million. 


Management  Structure.  The  Optical 
Communications  Program  will  be  managed 
by  a  Program  Manager  in  the  OAST 
Information  Sciences  and  Human  Factors 
Division  (RC).  An  Optical  Communica¬ 
tions  Working  Group  (OCWG),  chaired  by 
the  Code  RC  Program  Manager,  will  help 
formulate  program  plans  and  facilitate 
management  communications.  A  lead 
center  will  be  identified  for  the  program, 
with  responsibility  for  technical  integration 
and  reporting.  Responsibility  for  center 
assignments  and  allocation  of  funds  will 
remain  with  the  OAST  Program  Manager. 
The  OCWG  will  provide  intramural  and 
extramural  coordination  between  NASA 
Centers  and  the  federal  industrial  and  uni¬ 
versity  communities. 


Program  Coordination.  The  Optical 
Communications  Program  will  be  coordi¬ 
nated  with  the  following  NASA  program 
offices:  (1)  the  Communications  and  Data 
Systems  Division  (EC)  and  the  Planetary 
Exploration  Division  (EL)  of  OSSA,  (2) 
The  Office  of  Space  Operations  (OSO, 
NASA  Code  T  -  which  is  assessing  the 
feasibility  of  optical  systems  for  NASA's 
operational  use),  (3)  the  Office  of 
Exploration  (OEXP  -  as  responsible  for 
piloted  exploration  mission  studies),  and  (4) 
the  Office  of  Space  Station  (OSS  -  as  a 
possible  carrier  for  the  Cassini  flight 
demonstration  receiver  station). 
Recommendations  from  these  offices  will 
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Chapter  4 

Humans-In-Space 

The  objective  of  the  Humans-In-Space 
program  area  is  to  conduct  research  to  de¬ 
fine  requirements,  and  to  develop,  technolo¬ 
gies  that  will  enable  or  significantly  en¬ 
hance  future  piloted  Solar  System  explora¬ 
tion.  The  principal  focus  is  on  two  mission 
goals:  the  exploration  of  Mars,  and  the  be¬ 
ginning  of  extended  human  operations  on 
the  Moon. 


From  its  earliest  days,  research  and  technol¬ 
ogy  to  allow  safe  and  effective  human  oper¬ 
ations  in  space  have  been  at  the  forefront  of 
issues  confronting  the  U.S.  civil  space  pro¬ 
gram.  Basic  human  health  in  space  started 
out  as  a  great  unknown.  Life  support  sys¬ 
tems  and  “spacesuits”  for  extravehicular  ac¬ 
tivity  (EVA)  were  two  critical  challenges 
that  faced  the  Mercury,  Gemini,  and  Apollo 
programs.  The  interfaces  between  the  as¬ 
tronaut  and  the  spacecraft  were  also  prob¬ 
lems,  but  because  of  the  relatively  short  du¬ 
ration  of  the  missions,  the  long-term  effects 
of  space  and  of  confinement  were  not  im¬ 
passable  barriers. 

During  the  early  1970’s,  the  Skylab 
Program  provided  our  first  -  and  so  far  our 
only  -  opportunity  to  study  longer-term  is¬ 
sues.  Also,  the  development  of  the  Space 
Shuttle  and  its  systems  permitted  significant 
improvements  in  EVA  suits,  life  support, 
and  crew  systems;  however,  as  was  the  case 
with  the  programs  of  the  sixties,  the  sortie- 
class  missions  conducted  by  the  Shuttle  to 
not  require  a  resolution  of  longer-duration 
mission  issues. 

The  Space  Station  will  create  another  sub¬ 
stantial  advancement  of  our  capabilities  to 
support  humans  in  space,  including  factors 
related  to  longer-duration  human  flight. 


However,  although  forming  a  foundation 
upon  which  to  build,  the  operational  sys¬ 
tems  of  the  Station  will  not  provide  us  with 
the  capabilities  we  need  for  future,  very 
long-duration  missions  to  the  Moon  or 
Mars. 

Pathfinder  Humans-In-Space  efforts  consist 
of  a  family  of  closely-coordinated  technolo¬ 
gy  projects.  These  are  organized  in  three 
element-areas:  (1)  Extravehicular  Activity 
(EVA)/Suit  (including  both  requirements 
definition  and  technology),  (2)  Human 
Performance  (including  space  human  fac¬ 
tors,  microgravity  countermeasures,  radia¬ 
tion  effects  and  countermeasures),  and  (3) 
Closed-Loop  Life  Support  Systems  (includ¬ 
ing  both  physical-chemical  systems  and 
bioregenerative  systems). 

Detailed  FY  1989  planning  for  these  ele¬ 
ments  is  still  being  finalized.  Discussions 
of  these  plans  will  provided  in  the  final  ver¬ 
sion  of  this  Program  Overview. 
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Chapter  5 

Space  Transfer 

The  objective  of  the  Space  Transfer  pro¬ 
gram  area  is  to  develop  advanced  space 
transfer  capabilities  that  will  enable  or  sig¬ 
nificantly  enhance  future  piloted  solar 
system  exploration.  The  principal  focus  is 
on  two  functional  capabilities:  space  pro¬ 
pulsion  and  aerobraking. 

The  capability  to  move  effectively  from  one 
orbit  to  another  in  space  is  a  fundamental 
requirement  for  space  operations.  A  variety 
of  “space  transfer”  propulsion  systems 
have  served  the  needs  of  the  civil  space  pro¬ 
gram  since  the  1960’s  -  ranging  in  complex¬ 
ity  from  simple  expendable  upper  stages,  to 
the  all-purpose  service  modules  of  the 
Apollo  missions.  Consistently,  technology 
development  programs  in  propulsion  have 
sought  improvements  in  engine  perfor¬ 
mance  (specific  impulse  and  thnist)  and  ad¬ 


Space  Transfer 


vances  in  engine  reliability.  To  those  long¬ 
standing  goals,  the  advent  of  planning  for 
the  Space  Shuttle  and  the  Space  Station 
have  added  the  objectives  of  reusability  and 
space  maintainability  to  the  traditional  list, 
as  well  as  the  goal  of  permanent  space-bas¬ 
ing  of  space  transfer  systems.. 

Use  of  a  planetary  atmosphere  to  slow  the 
speed  and  change  the  trajectory  of  space¬ 
craft  is  another  art  that  dates  back  to  the 
1960’s.  NASA’s  first  efforts  were  the  low 
life-to-drag  (L/D)  ratio  Mercury,  Gemini, 
and  Apollo  capsules;  these  used  ablative 
heat  shields  to  protect  the  mission’s  crews 
from  the  extreme  heat  of  reentry. 

Developed  from  those  earlier  technological 
foundations,  the  Space  Shuttle  represented  a 
major  advance  in  “aeroassisted”  maneuver¬ 
ing.  The  Shuttle’s  winged-shape  provides 
an  extensive  cross-range  maneuvering  capa¬ 
bility  during  reentry,  and  its  thermal  pro¬ 
tection  tiles  approach  to  the  heating  prob¬ 
lem  allows  comparatively  rapid  operational 


Figure  5 

Work  breakdown  structure  for  the  Pathfinder 
Space  Transfer  Program  Area 
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tum-around  of  the  vehicle.  At  the  same 
time,  NASA  was  also  applying  Apollo-style 
aero-ballistic  entry  techniques  and  ablative 
heat  shields  to  the  problem  of  entry  and 
landing  at  Mars  for  the  robotic  Viking 
spacecraft  in  the  late  1970’s.  Various  stud¬ 
ies  have  explored  the  possible  sue  of  these 
techniques  to  slow  a  spacecraft  and  modify 
its  trajectory  elegantly  -  without  the  use  of 
propellant. 

Pathfinder  Space  Transfer  Efforts  efforts 
consist  of  three  technology  projects.  Two  of 
those  are  in  the  area  of  advanced  propul¬ 
sion,  and  one  is  in  the  use  of  a  planet’s  at¬ 
mosphere  in  place  of  propellant;  these  are: 
(1)  Chemical  Transfer  Propulsion,  (2)  High- 
Energy  Aerobraking,  and  (3)  Cargo  Vehicle 
Propulsion. 

Each  of  these  is  described  in  some  detail  in 
the  subsections  which  follow. 


Section  5.1 

Chemical  Transfer  Propulsion 

5.1.1  Technology  Requirements 

NASA's  planning  for  future  exploration  of 
the  solar  system  includes  both  robotic 
(precursor)  and  piloted  missions  to  Mars,  as 
well  as  a  resumption  of  piloted  missions  to 
the  Moon.  One  of  the  keys  to  reducing  the 
cost  of  these  missions  is  to  minimize  the 
propellant  mass  in  low-earth-orbit  required 
to  achieve  a  transfer  trajectory,  to 
accomplish  orbit  insertion,  to  effect  a 
landing  on  the  surface,  and  to  return  to 
earth.  This  propellant  mass  must  be 
delivered  to  low-earth-orbit  by  earth-to- 
orbit  launch  systems  and  the  less  propellant 
required  in  orbit  to  meet  mission 
requirements  means  fewer  earth-to-orbit 
(ETO)  vehicle  launches. 


A  key  enabling  technology  that  will  greatly 
reduce  in-orbit  propellant  mass 
requirements  is  the  development  and  use  of 
high  performance  chemical  propulsion 
systems  for  the  transfer,  orbit  insertion, 
lander,  and  earth  return  vehicles.  Another 
key  to  reduced  cost  is  to  develop  and  utilize 
reusable  transfer  stages  that  are  based  in 
and  operated  from  low-earth-orbit. 
Technologies  that  will  enable  automated  in- 
orbit  operations,  including  refueling, 
maintenance,  servicing  and  preflight 
systems  checkout,  as  well  as  fault  tolerant 
in-flight  operations,  are  critical  to  the 
successful  development  and  use  of  space- 
based  vehicle  systems. 

In  the  case  of  the  manned  Mars  mission,  an 
increase  of  35  seconds  of  engine  specific 
impulse  (Isp)  saves  the  cost  of  at  least  two 
earth-to-orbit  vehicle  launches  assuming  the 
transfer  stage  is  expended.  In  addition,  the 
propulsion  systems  developed  for  the  Mars 
and  lunar  missions  will  also  be  applicable  to 
a  LEO-to-GEO  and  return  orbital  transfer 
vehicles  and  to  transfer  stages  needed  for 
the  precursor  unmanned  missions  to  Mars. 
For  lander  vehicles,  deep  throttling  by  the 
lander  engine  is  required  for  both  hovering 
and  landing.  High  engine  performance  over 
a  wide  throttle  range  will  result  in  a 
significant  savings  in  propellant  mass 
required  to  effect  a  successful  safe  landing. 


5.1.2  Technology  Assessment 

The  only  U.S.  upper  stage  LOX/  Hydrogen 
engine  currently  in  operation  is  the  highly 
successful  RLIO  expander  cycle  engine 
which  was  developed  and  cenified  in  the 
late  1950's  and  early  1960's.  However,  it  is 
a  low  pressure  engine  that  delivers 
moderate  performance,  has  limited 
throttling  capability  and  no  on-board 
diagnostics.  It  was  designed  for  and  has 
been  used  only  on  expendable  vehicles. 
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Conceptual  illustration  of  an  automated 
chemical  transfer  vehicle  entering 
Lunar  orbit 


5.1.3  Program 

Description 

The  Pathfinder  Chemical 
Transfer  Propulsion  Program 
is  geared  to  establish  the 
technology  base  that  will 
enable  the  development  of 
space-basable,  high  perfor¬ 
mance  chemical  transfer 
propulsion  systems,  as  well 
as  lander  propulsion  systems 
that  can  provide  the  needed 
high  performance  over  a  wide 
throttle  range.  A  LOX/ 

Hydrogen  expander  cycle  en¬ 
gine  has  been  identified  as 
the  primary  candidate 
propulsion  system  that  will 
meet  these  stringent  mission 
requirements. 

Critical  technologies  will  be  developed  in 
the  areas  of  high  performance  variable  flow 
components,  high  expansion  ratio  nozzle 
flow  characterization,  design  for  in-space 
maintainability,  and  integrated  health 
monitoring/  control  systems  that  will 
provide  automated  preflight  operations,  as 
well  as  fault  tolerant  engine  flight 
operations.  The  objective  of  the  program  is 
to  validate  high  performance  expander 
cycle  engine  concepts,  including  high 
pressure  cycle  balance  demonstrations, 
component  interaction  predictions,  engine 
controls  (including  deep  throttling),  and 
system  level  health  monitoring  diagnostic 
capabilities  for  space-basing. 

The  Chemical  Transfer  Propulsion  program 
will  use  a  building  block  approach  ranging 
from  fundamental  technologies  through 
component,  subsystem  and  system 
technology  hardware  demonstrations. 
Work  in  the  R&T  Base  over  the  past  few 
years  has  been  directed  towards  establishing 
engine  design  concepts  capable  of  meeting 


expected  mission  requirements  and 
pursuing  critical  technology  advances 
necessary  for  those  engine  concepts  to 
achieve  performance,  life,  and  operational 
goals.  Advanced  design  concepts  and 
analytical  methods  have  been  developed 
using  laboratory  and  especially  designed 
test  equipment  to  generate  the  data  base 
needed  for  design  verification  and  code 
validation. 

The  Chemical  Transfer  Propulsion  program 
will  build  on  the  R&T  Base  results  by 
moving  progressively  through  full  scale 
component,  subsystem,  and  system  level 
validation  and  demonstration  programs. 
Key  milestones  include  1.)  documented 
validation  of  full  scale  component  hardware 
designs  and  analytical  methods,  including 
turbomachinery,  thrust  chamber  assemblies, 
valves  and  controls,  and  integrated 
diagnostic  sensors;  2.)  the  development  and 
demonstration  of  engine  performance  and 
dynamics  models  utilizing  an  integrated 
component  breadboard  engine  assembly  for 
cycle  and  concept  validation  testing;  and  3.) 
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the  demonstration  of  fault  tolerant  engine 
operations,  component  life,  and  automated 
preflighf  operations  utilizing  advanced 
component  designs  that  will  be  developed 
to  meet  Mars  and  Lunar  mission 
requirements  and  then  incorporated  into  the 
breadboard  engine.  When  the  technology 
program  is  complete,  the  operation^ 
hardware  will  then  be  available  to  support 
further  engine  development  as  an  off-line 
testbed  for  problem  solving  and  for  product 
improvement. 

The  technical  program  will  be  supported  by 
engine  system  level  design  and  analysis 
effons  in  order  to  compare  the  impact  of 
technology  advances  on  the  assumptions 
originally  made  in  the  earlier  concept 
definition  studies.  In  addition,  mission 
study  activities  being  conducted  by  the 
Office  of  Exploration  (OEXP)  will  be  used 
to  identify  mission  dependent  propulsion 
requirements. 

Deliverables 

PHASE  I.  The  first  phase  of  this  focused 
program  will  be  directed  toward 
component  and  subsystem  level  advanced 
design  and  analysis  development  and 
verification.  Advanced  design  concepts  and 
analytical  methods  that  have  been 
previously  developed  in  the  R&T  Base 
Program  utilizing  laboratory,  bench,  and  rig 
testing  will  be  used  in  the  design  and 
fabrication  of  component  and  subsystem 
hardware.  This  highly  instrumented 
hardware  will  be  operated  over  a  wide 
range  of  conditions  for  design  verification 
and  refinement.  The  output  of  this  phase  of 
the  program  will  be  computational  codes 
capable  of  predicting  component  and 
subsystem  performance,  life,  dynamics,  and 
operating  characteristics,  as  well  as  a  broad 
experimental  data  base.  This  effort  will 
also  support  the  potential  initiation  in  FY 
1990  of  an  advanced  development  program 
funded  by  the  Office  of  Space  Flight  (OSF) 
for  the  purpose  of  demonstrating  a  near 


prototype  engine  that  could  be  developed 
for  an  early  Space  Transfer  Vehicle  (STV) 
designed  to  meet  the  requirements  of 
planned  high  energy  solar  system  science 
exploration  missions.  The  design  of  that 
engine  would  be  based  on  the  component 
and  subsystem  technology  being  developed 
in  the  OAST  program. 

A  parallel  effort  in  Phase  I,  will  be  directed 
toward  developing  design  methodology  for 
advanced  components  incorporating  the 
necessary  features,  design  characteristics, 
and  diagnostics  that  will  lead  to  the 
definition  and  demonstration  of  highly 
reliable,  space-basable,  high-performance, 
throttleable  engines  capable  of  meeting 
future  Mars/Lunar  transfer,  lander,  ascent, 
and  Earth  return  vehicle  requirements. 

PHASE  n.  The  demonstrated  components 
and  subsystems  from  Phase  I  will  be 
assembled  into  an  early  breadboard  engine 
configuration  in  order  to  conduct 
component  interaction  and  system  level 
verification  testing  and  to  establish  a  system 
level  experimental  data  base.  High  pressure 
expander  cycle  operation  will  be  validated, 
and  engine  models  for  predicting  transient, 
steady  state,  and  throttling  performance  will 
be  tested,  refined  and  verified.  The 
fabrication  and  verification  testing  of 
advanced  components  designed  on  the  basis 
of  the  parallel  Phase  I  focused  technology 
program  will  also  be  completed  during  this 
phase. 

PHASE  in.  The  third  phase  of  the  program 
will  follow  with  the  overall  objective  of 
demonstrating  the  performance,life  and 
transient/steady  state  operation  of  a 
breadboard  engine  system  incorporating  the 
advanced  components  from  Phase  II.  The 
engine  will  have  all  of  the  design, 
performance  and  operational  characteristics 
needed  to  meet  the  requirements  of  space- 
based  transfer,  lander,  ascent,  and  Earth 
return  vehicles,  including  automated 
preflight  operations,  in-space  maintainabili- 


5-4 


502 


,  V 


Pathfinder 


..  %.  %X.  •**  ' 


Figure  5-1 

Worit  breakdown  structure  for  the  Pathfinder 
Chemical  Transfer  Propulsion  Technology  Project 


ty,  and  fault-tolerant  flight  operations. 
When  this  phase  of  the  program  is 
complete,  the  hardware  will  be  available  for 
use  in  further  engine  development  as  a 
testbed  for  problem  solving  and  for  product 
improvement  activities.  The  projected 
completion  date  is  FY  1997. 


5.1.4  Organization  and 
Management 


Work  Breakdown  Structure.  The  pro¬ 
gram  is  organized  as  shown  in  Figure  5-1. 
The  work  breakdown  structure  allows  work 
to  be  focused  in  several  critical  areas  and 
also  provides  a  flow  mechanism  for  raising 
the  technology  to  higher  and  higher 
hardware  definition  levels,  while  focusing 
the  technology  results  into  engine  system 
level  analysis  studies  in  order  to  assess 
progress  towards  program  goals  and 
milestones. 


Management  Structure.  The  headquaners 
program  manager  will  be  located  in  the 
OAST  Propulsion,  Power,  and  Energy 
Division  (RP).  In  addition  to  program 
management  responsibilities  the  program 
manager  will  be  responsible  for  carrying 
out  coordination  activities  mentioned 
described  below. 

The  Lewis  Research  Center  (LeRC)  will  be 
the  lead  center  for  the  Chemical  Transfer 
Propulsion  program.  The  roles  of  other 
participating  centers  will  be  established 
during  the  course  of  detail  planning  over  the 
next  several  months.  As  mentioned 
previously,  an  intercenter/interagency 
technical  advisory  committee  that  was 
established  under  the  R&T  Base  program 
will  continue  to  function  in  that  capacity. 

There  is  currently  an  acrive  ad  hoc  subcom¬ 
mittee  under  the  Space  Systems  and 
Technology  Advisory  Committee  (SSTAC) 
that  is  evaluating  and  assessing  propulsion 
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candidates  for  planetary  missions.  The 
results  of  their  assessment  will  be  used  in 
planning  the  Pathfinder  propulsion 
programs. 

Program  Coordination.  In  addition  to 
coordination  with  the  Office  of  Exploration 
relative  to  mission  studies,  the  program  will 
be  also  be  coordinated  with  the  Office  of 
Space  Flight  (OSF)  as  the  future  developer 
of  space  transfer  vehicles,  and  with  the 
Office  of  Space  Science  and  Applications 
(OSSA)  in  order  to  incorporate  unmanned 
planetary  mission  drivers  into  propulsion 
technology  requirements. 

Coordination  with  DOD  agencies  will  be 
maintained  through  normal  program 
coordination  activities,  including  the  Joint 
Army,  Navy,  NASA,  Air  Force  (JANNAF) 
Interagency  Propulsion  Committee,  and  the 
NASA/AF  Space  Technology  Inter-depen¬ 
dency  Group  (STIC).  In  addition,  a 
technical  advisory  committee  supporting 
the  project  manager,  will  have  an  active  air 
force  member. 

Resources.  Projected  resource  require¬ 
ments  for  this  activity  for  fiscal  years  1989 
through  1993  are  approximately  $64  mil¬ 
lion.  Resources  allocated  in  FY  1989  are 
$4  million. 


Section  5.2 

High-Energy  Aerobraking 

5.2.1  Technology  Requirements 

NASA's  planning  for  the  future  exploration 
of  the  solar  system  includes  both  pUoted 
and  robotic  missions  to  Mars.  The  success 
of  these  as  well  as  other  planetary  missions 
will  depend  upon  maximizing  the  non¬ 
propellant  mass  for  the  mission  in  low  Earth 


orbit  (LEO),  on  the  planetary  surface,  and 
for  return  to  Earth.  All  of  these  are  limited 
by  current  launch  vehicle  capabilities.  A 
key  enabling  technology  that  promises  to 
increase  the  payload-to-propellant  mass 
ratio  is  "high-energy  aerobraking". 
Through  the  development  and  use  of 
aerobraking  techniques,  rather  than 
retropropulsion,  to  achieve  deceleration  for 
orbit  modification  (i.e.,  transition  from  a 
transfer  orbit  to  a  circular  orbit),  substantial 
payload-to-propellant  advantages  will  be 
resized.  Aerobraking  techniques  may  be 
utilized  at  either  the  target  (for  example. 
Mars),  if  the  planet  has  an  atmosphere,  or 
at  Eailh  return. 

In  the  case  of  a  Mars  rover  and  sample  re¬ 
turn  mission,  the  use  of  aerobraking  at 
Mars  could  reduce  total  LEO  mass 
requirement  by  fifty  percent  (50  %)  over  an 
all-propulsive  Mars  orbit  insertion.  The 
case  for  a  piloted  Mars  mission  is  more 
complex,  and  the  mass  savings  depends  on 
the  mission  launch  date  and  whether  the 
vehicle  is  configured  for  zero  gravity  or  for 
artificial  gravity  during  transit.  Given  a 
zero  gravity  spacecraft  configuration,  the 
required  mass  to  LEO  for  an  all-propulsive 
mission  would  be  two-to-four  million 
pounds,  compared  with  one-to-two  million 
pounds  for  an  aerobraking  mission.  The 
propellant  mass  savings  and  increased 
payload  capability  associated  with 
aerobraking  is  very  significant. 

Although  Eanh's  atmosphere  is  well  char¬ 
acterized,  uncertainties  exist  regarding 
variations  in  the  properties  of  the 
atmosphere  of  Mars  (and  other  planets). 
However,  round-trip-light-time  (RTLT) 
communications  delays  will  preclude  the 
possibility  of  effective  ground-based 
adjustments  of  planetary  aerocapture 
operations.  In  the  case  of  robotic  Mars  mis¬ 
sion,  RTLT  delays  can  be  on  the  order  of 
twenty  minutes.  Therefore,  planetary 
aerocapture  (e.g.,  at  Mars)  will  require  on¬ 
board,  real-time  GN&C  capabilities  that 
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can  adapt  to  atmospheric  uncertainties. 


5.2.2  Technology  Assessment 

At  present,  no  validated  aerobraking 
capability  exists.  Apollo  and  Shuttle  expe¬ 
riences,  based  on  low  and  mid  L/D  (lift  over 
drag)  simple  blunt  configuration  operating 
over  narrow  reentry  corridors,  provide  a 
limited  database  relative  to 

aeromaneuvering  and/or  aerobraking 
techniques.  The  two  robotic  Viking 
spacecraft  that  landed  safely  on  Mars  in 
1976  did  not  have  the  capability  to  be 
precisely  targeted  at  sites  on  the  surface. 
This  limitation  would  increase  the  risk  and 
sharply  reduce  the  scientific  return  of  a  pi¬ 
loted  or  robotic  Mars  mission.  The  Aero- 
assist  Flight  Experiment  (AFE)  will  provide 
a  database  aimed  at  validating  aerobraking 
for  GEO  and  lunar  return  conditions/  This 
will  be  a  significant  step  toward  under¬ 
standing  aerobraking  at  conditions  compati¬ 
ble  to  Mars  entry  velocity. 


However,  technology  issues  will  still  need 
to  be  resolved  in  a  number  of  areas.  The 
effects  of  long-term  exposure  of  TPS 
materials  to  the  space  environment  have  not 
been  precisely  defined.  In  addition, 
advanced  TPS  designs  (ablative,  volume 
reflecting,  etc.)  that  will  accommodate  very 
high  velocity/high  enthalpy  flow  conditions 
have  not  be  adequately  evaluated  or 
developed. 

In  another  area,  the  ability  to  handle  "new" 
atmospheric  constituents  such  as  carbon 
dioxide,  nitrogen,  and  argon  has  not  been 
incorporated  into  current  CFD  codes.  Gas 
chemistry  models  which  can  provide 
accurate  prediction  of  aerodynamic  and 
aerothermal  loads  in  these  environments  are 
not  yet  being  developed. 

The  ability  to  identify  and  compensate  for 
large  variations  and  fluctuations  in  both 
Earth  and  Mars  atmospheric  constituents 
and  densities  is  needed.  This  will  reduce  the 
burden  carried  by  the  real-time,  fault- 
tolerant,  adaptive  GN&C  and  flight 
mechanics  systems. 


Conceptual  illustration  of  three  classes 
of  planetary  aerobraking  problems 


In  general,  mission 
requirements  and  system 
design  trades  for  piloted 
and  robotic  missions 
involving  planetary 
entry  aeromaneuvering 
and  high-speed  Earth 

reentry  are  not  well- 
defined  or  understood. 

Military  capabilities  for 
ballistic  missile  reentry 

and  GN&C  are 

sophisticated  and  well- 
demonstrated.  However, 
the  mission  characteris¬ 
tics  of  solar  system 
exploration  aerobraking 
applications  at  Earth 

(e.g.,  a  large  piloted 
spacecraft)  -  and  the 
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requirement  for  aerobraking  at  other  planets 
-  limit  the  a  priori  application  of  those 
technologies  to  civil  space  missions. 


5.2.3  Program  Description 

The  program  will  be  planned  and 
implemented  in  two  broadly  defined  phases. 
The  first  will  be.  a  technology  development 
phase  which  will  result  in  the  definition  of 
selected  aeroassist  vehicle  concepts  and  the 
definition  of  a  flight  experiment.  The 
second  phase  will  be  a  technology 
demonstration  phase  culminating  in  a  high- 
energy  aerobraking  flight  experiment. 

The  goal  of  phase  I  of  the  Pathfinder  High- 
Energy  Aerobraking  Program  is  to  develop 
the  enabling  technology  base  required  to 
perform  high-velocity  aerocapture  and 
aeromaneuvering,  with  resultant  substantial 
reductions  in  mission  LEO  mass 
requirements.  In  order  to  achieve  this  goal, 
the  program  will  be  designed  to  achieve  the 
following  objectives: 

(1)  Establish  mission  constraints  and 
requirements  for  planetary  aerobraking 
(including  aerocapture,  aeromaneuvering 
entry,  and  orbit-to-orbit  aerobraking) 

(2)  Develop  and  improve  Computational 
Fluid  Dynamics  (CFD)  codes  for  prediction 
of  aerodynamic  and  aeroheating  environ¬ 
ments  for  planetary,  and  high-energy  Earth, 
aerobraking, 

(3)  Develop  and  validate  fault-tolerant 
GN&C  technology  for  planetary  and  high- 
energy  Earth  aerobraking. 

(4)  Evaluate  advanced  Thermal  Protection 
System  (TPS)  materials  and  designs. 

In  addition,  requirements  and  concepts  will 
be  formulated  for  potential  technology 
flight  experiments  to  validate  high-energy 


aerobraking  at  Earth  return. 

Overall  vehicle  configuration  analyses  and 
system  design  trades  -  which  will  be  used  to 
integrate  discipline  objectives  -  will  be 
supported  by  appropriate  ground  testing. 
As  a  result  of  the  above  efforts,  baseline 
vehicle  concepts  for  both  a  piloted  Mars 
mission  and  a  Mars  rover  and  sample  return 
mission  will  be  defined. 

Flight  validation  in  a  "Planetary  Return 
Flight  Experiment"  (PRFE)  will  be  consid¬ 
ered  in  phase  11  of  the  overall  High  Energy 
Aerobraking  Program  -  and  would  be 
implemented  in  coordination  with  the  Civil 
Space  Technology  Initiative  (CSTI) 
Aeroassist  Flight  Experiment  (AFE) 
Program.  The  information  obtained  from 
PRFE,  complemented  by  the  data  obtained 
from  AFE  should  provide  a  significant  data 
base  for  a  wide  range  of  aerobrake 
applications. 

The  High-Energy  Aerobraking  Program 
will  encompass  a  broad  range  of  technical 
disciplines,  each  at  varying  levels  of 
technology  readiness  and  maturity.  As  a 
consequence,  the  technical  approach  to 
implementation  will  involve  a  family  of 
related  discipline-directed  efforts,  coordi¬ 
nated  through  a  Headquarters/  Inter-Center 
working  group  (see  the  discussion  below). 
Fundamental  research  in  the  areas  of  TPS 
and  aero-/aerothermo-  dynamics  will  be 
balanced  against  more  focused  efforts  in 
GN&C  algorithm  and  system  development. 

The  program  will  be  integrated  through 
initial  mission  analyses  and  requirements 
studies,  and  through  later  system  design 
trades  and  integration  studies.  These 
activities  will  also  support  the  definition  of 
a  planetary  return  flight  experiment. 


Deliverables 

PHASE  I.  By  the  early-to-mid  1990s, 
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critical  technologies  will  be  developed  to 
the  point  of  defining  reasonable  margins  in 
aerobrake  configurations,  aerodynamics  and 
aerothermodynamics,  flight  mechanics  and 
controls,  and  TPS  designs.  Improved 
computational  flow  codes  for  both  Earth 
and  Mars  atmospheres  and  engineering 
design  capability  will  be  available.  TPS 
design  trades  will  be  completed  and 
materials,  cooling  mechanisms,  and 

structural  concepts  developed  and 

evaluated.  Advanced  control  algorithms 

will  be  established  and  adaptive  GN&C 
systems  validated.  As  a  result  of  the  above, 
baseline  vehicle  concepts  for  both  a  piloted 
Mars  mission  and  a  robotic  mission  (such 
as  a  Mars  rover  and  sample  return)  will  be 
defined. 


PHASE  n.  By  the  mid-to-late  1990s,  all 
key  high-energy  aerobraking/aeromaneu- 
vering  technologies  will  have  reached  a 
state  of  maturity  that  will  permit  a  (high- 
energy)  planetary  return  flight  experiment 
(PRFE)  to  be  defined  and  conducted.  To 
the  greatest  extent  possible,  this  experiment 
will  be  built  on  AFE  experiences,  flight 
data,  and  -  where  appropriate  -  flight 
hardware  and  instrumentation. 


5.2.4  Management  Plan 

Work  Breakdown  Structure.  This  pro¬ 
gram  is  organized  primarily  along  discipline 
lines,  with  specific  cross-cutting  tasks 
identified  to  integrate  the  discipline  efforts. 

Figure  5-2  provides  a  the  preliminary  work 
breakdown  structure  (WBS)  for  the 
program.  This  WBS  will  be  revised  and 
refined  during  the  course  of  the  next  several 
months  of  detailed  program  planning. 


Management  Structure.  The  High-Energy 
Aerobraking  Program  will  be  managed  by  a 


Program  Manager  in  the  Aerodynamics 
Division  of  OAST  (RF).  Coordination 
between  the  various  discipline  efforts 
within  the  program  will  be  provided 
through  a  High-Energy  Aerobraking 
"management  oversight  committee"  which 
is  comprised  of  representatives  from  the 
several  OAST  discipline  Divisions  and  the 
Space  Directorate  (RS).  Responsibility  for 
center  assignments,  project  plan  approval 
and  funding  allocation  will  remain  with  the 
RF  Program  Manager. 

For  each  element  of  the  program,  a  lead 
center  will  be  assigned,  and  a  Technology 
Project  Manager  appointed  at  that  lead 
center.  NASA  centers  will  be  designated  to 
implement  specific  tasks  within  the 
technology  project.  Technology  Project 
planning,  integration  and  reporting  will  be 
performed  by  the  Field  Center  Technology 
Project  Manager..  Quanerly  technology 
project  reports  will  be  submitted  to  OAST 
which  track  progress  against  Level  1 
schedules  and  identify  any  problems,  issues, 
or  significant  accomplishments. 


Program  Coordination.  As  noted  above, 
this  program  will  be  coordinated  with  the 
on-going  CSTI  AFE  program.  The 
program  will  be  more  generally  coordinated 
with  appropriate  personnel  in  the  Office  of 
Space  Flight  (as  indicated  in  the 
Management  Structure  provided  below). 
The  program  will  also  be  coordinated  with 
the  OAST  Power  and  Propulsion  Division 
(in  panicular  in  the  area  of  vehicle 
configuration  definition). 

In  addition  to  mission  analyses  and 
requirements  definition  within  the  program, 
the  High-Energy  Aerobraking  Program  will 
be  coordinated  with  (1)  the  piloted  explora¬ 
tion  mission  definition  studies  of  the  Office 
of  Exploration  (OEXP),  and  (2)  the  Mars 
rover  and  sample  return  mission  studies 
being  conducted  by  OSSA.  Specific 
mission  studies  or  opportunities  for  mission 
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Figure  5-2 

Work  breakdown  structure  for  the  Pathfinder 
High-Energy  Aerobraking  Technology  Project 


enhancements  through  technology  applica¬ 
tions  will  be  recommended  to  those  offices. 

This  program  will  also  seek  coordination 
with  space  computing  technology  develop¬ 
ments  because  some  approaches  may 
require  a  real-time,  on-board  processing 
capabilities. 

This  program  will  be  coordinated  with  the 
other  programs  in  Project  Pathfinder 
through  the  respective  Headquarters 
Program  Managers.  In  particular,  the 
GN&C  aspects  of  this  program  will  be 
coordinated  with  the  corresponding  areas  of 
the  Autonomous  Lander  ftogram  and  the 
Autonomous  Rendezvous  and  Docking 
Program. 

Coordination  will  be  maintained  with  the 
relevant  aspects  of  Department  of  Defense 
(DoD)  programs. 


Resources.  Resource  requirements  for  this 
activity  for  fiscal  years  1989  through  1993 
arc  approximately  $46  million.  The  re¬ 
source  allocation  for  FY  1989  is  $1.5  mil¬ 
lion. 


Section  5.3 

Cargo  Vehicle  Propulsion 

5.3.1  Technology  Requirements 

The  cost— which  is  proportional  to  the  mass- 
-of  placing  any  spacecraft  in  low  Earth  orbit 
(LEO)  is  a  major  fraction  of  the  total  cost  of 
a  mission.  Increasingly,  propellant  is 
becoming  the  dominant  mass  for  NASA 
space  missions.  For  example,  in  the  case  of 
the  Galileo  mission,  propellant  accounts  for 
forty-three  (43)  percent  of  the  total  mass  of 
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the  spacecraft  in  LEO.  For  the  more 
challenging  Comet  Rendezvous/Asteroid 
Flyby  (CRAF)  mission,  chemical  propellant 
makes-up  seventy-six  (76)  percent  of  the 
LEO  mass  of  the  spacecraft. 

The  still  more  challenging  missions  that  are 
being  considered  for  the  future— such  as 
Mars— will  place  even  greater  demands  on 
spacecraft  propulsion  system  technology. 

Studies  have  shown  that  for  a  "cargo 
vehicle"  supporting  a  piloted  mission  to 
Mars,  high  performance  electric  propulsion 
with  a  specific  impulse  over  4000  sec  at 
multi-megawatt  power  levels  can  offer 
major  reductions  in  total  propellant  mass 
requirements— while  still  providing 
acceptable  transit  time  performance. 
Compared  with  a  chemicadly-propelled 
(cryogenic  hydrogen/  oxygen)  cargo 
vehicle,  using  aerocapture  at  Mars,  a  non- 
aerobraking,  high  performance  electric  pro¬ 
pulsion  vehicle  could  reduce  total  mission 
mass  required  in  LEO  by  an  amount 
equivalent  to  at  least  three  Heavy  Lift 
Launch  Vehicles  (HLLVs).  The  reduction 
in  launched  mass  is  obviously  even  greater 
for  a  non-aerobraking,  completely 
propulsive  chemically  propelled  cargo 
vehicle. 

High  specific  impulse  clearly  offers 
propellant  mass  savings.  However,  in  order 
to  exploit  that  benefit  practically,  it  is 
essential  that  the  overall  vehicle  exhibit 
acceleration  levels— and  resultant  transit 
times— sufficient  to  meet  acceptable  overall 
mission  timeframes.  This  requirement  ne¬ 
cessitates  low  specific  mass  and  high 
efficiency  propulsion  in  order  to  keep  low 
power  system  mass.  High  total  impulse  and 
high  power  capability  per  engine  is  also 
needed  in  order  to  accomplish  mission 
propulsion  system  performance 
requirements  with  an  acceptable  number  of 
individual  engines. 


5.3.2  Technology  Assessment 

At  the  present  time,  the  only  operation  uses 
of  electric  propulsion  have  been  low  power 
systems  used  to  perform  satellite  station¬ 
keeping  functions.  Since  specific  impulses 
(Isp)  over  4,000  sec  are  of  interest  for 
Pathfinder,  electrothermal  systems  such  are 
arejets  are  not  adequate  even  with  hydrogen 
propellant  (Isp  <  1,500  sec).  Advanced 
concepts-such  as  electrodeless  thruster 
systems— may  ultimately  provide  the 
desired  characteristics,  but  do  not  have 
sufficient  technical  maturity  to  be 
considered  during  the  initial  years  of 
Pathfinder. 

Ion  engines  have  demonstrated  specific 
impulses  from  less  than  2,000  sec  to  more 
than  10,000  sec,  thrust  efficiencies  to  over 
seventy-five  percent  (75  %),  and  total  thrust 

impulses  as  high  as  10^  newton-seconds  for 
ten  kilowatt  (10  kW)  class  thrusters.  Key 
issues  are  scale-up  of  ion  acceleration 
subsystems  for  high  power  operation,  in¬ 
creasing  the  power  density  to  reduce  the 
number  of  engines  required,  and  thrust  or 
life. 

Magnetoplasmadynamic  (MPD)  propulsion 
technology  is  generally  less  advanced  than 
ion  systems.  Power  levels  of  five 
megawatts  (5  MW)  have  been  demonstrated 
in  a  pulsed  power  mode,  but  levels  of  only 
about  250  kW  have  been  demonstrated  for 
steady  power.  Most  of  the  efficiency  data 
fall  into  the  fifteen-to-thirty  percent  (15-to- 
30  %)  range,  although  some  data  for 
hydrogen  and  lithium  propellants  approach 
fifty  percent  (50  %)  efficiency  at  very  low 
piower  levels.  Higher  efficiencies  and 
specific  impulses  are  generally  obtained 
with  applied  magnetic  fields,  but  a 
fundamental  theoretical  understanding  of 
this  mode  of  operation  is  lacking.  The 

highest  total  impulse  demonstrated  is  10^ 
Newton-Seconds,  at  about  twenty-five  kilo- 
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watts  (25  kW).  Key  technology  issues  are 
thruster  efficiency  and  life. 

Facility  background  composition  and 
pressure  have  been  shown  in  some  cases  to 
have  a  very  significant  (factor  greater  than 
two)  impact  on  measured  performance.  The 
impact  of  facility  effects  and  the  availability 
of  enough  high-fidelity  ground  test  facilities 
are  serious  issues  in  the  further  develop¬ 
ment  of  high-power,  high-performance 
electric  propulsion  systems. 


5.3.3  Program  Description 

The  Pathfinder  Cargo  Vehicle  Propulsion 
Program  will  establish  the  feasibility  and 
practicality  of  electric  propulsion  for  piloted 
and  robotic  solar  system  exploration.  The 
performance  objectives  of  the  program  are: 
high  specific  impulse--over  4,000  sec,  high 
efficiency— over  sixty  percent  (60  %),  and 


acceptable  life.  The  electric  propulsion 
technologies  developed  must  also  be 
scalable  to  multi-megawatt  power  levels. 
Sufficient  durability  will  be  targeted  to 

enable  a  total  impulse  on  the  order  of  10 
newton-seconds  per  engine.  Following  pre¬ 
liminary  development  and  testing,  the  most 
promising  candidate  thruster  (ion  or  MPD) 
will  be  selected  for  further  development. 

The  Cargo  Vehicle  Propulsion  program  will 
concentrate  on  performance  and  critical 
feasibility  issues  for  the  candidate  thrusters. 
The  first  step  will  be  to  assess  facility 
impacts  on  high-fidelity  performance  and 
durability  data.  Reliable  short-term,  in-situ 
methods  of  evaluating  life  issues  will  be 
developed  along  with  the  required  facility 
capabilities,  so  that  performance  limits  can 
be  established  for  each  thruster.  Parallel 
thruster  technology  efforts  will  be 
performed  for  both  self-field  and  applied- 
field  MPD  thrusters  as 
well  as  ion  engines.  It  is 
necessary  to  devote  most 
of  the  resources  early  in 
the  program  to 
development,  because  of 
its  much  greater  technical 
uncertainties.  Power 

processor  technology  will 
be  directed  to  provide 
laboratory-class  hardware. 
Supporting  thermal  and 
systems  analyses  will  be 
included  in  the  program, 
while  mission  studies  will 
be  provided  from  outside 
sources. 

A  three-phase  program  is 
envisioned.  Phase  I  will 
cover  the  first  five  years  of 
the  effort.  It  will  be 
devoted  to  establishing 
feasibility  and  practicality 
and  will  culminate  in 
selection  of  the  most 
promising  of  several 


A  nuclear-electriC'propulsion  driven 
cargo  vehicle  enters  Mars  orbit 
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candidate  electric  propulsion  concepts  for 
further  development.  Phase  I  will  be 
completed  at  the  end  of  1993. 

Phase  n  will  be  a  five-year  focussed 
technology  program  that  will  demonstrate 
performance  and  life  at  high  power  levels 
and  define  requirements  for  a  technology 
flight  demonstration.  If  required,  Phase  lEI 
will  be  a  flight  validation  of  high- 
performance,  high  power  electric 
propulsion  technology. 


5.3.4  Organization  and 
Management 


Work  Breakdown  Structure.  A  work 
breakdown  structure  (WBS)  for  the 
program  is  shown  in  Figure  5-3.  This  WBS 
is  applicable  to  Phase  I  of  the  program,  con¬ 
sistent  with  the  technical  approach  de¬ 
scribed  above.  This  WBS  will  revised  and 


refined  during  the  course  of  detailed 
planning  during  the  next  several  months. 

Management  Structure.  The  program  will 
be  managed  by  a  program  manager  in  the 
OAST  Propulsion,  Power  and  Energy 
Division  (RP). 

The  Lewis  Research  Center  (LeRC)  will  act 
as  the  lead  center  for  the  program,  with 
responsibility  for  technical  integration  and 
reporting;  this  function  will  be  performed 
by  the  Low  Thrust  Propulsion  Branch. 
Responsibility  for  assignment  of 
participating  center  responsibilities  and 
resource  allocation  decisions  will  remain 
with  the  OAST  element  program  manager. 
Program  efforts  will  be  implemented  by 
LeRC  and  the  Jet  Propulsion  Laboratory 
(JPL). 


Program  Coordination.  In  addition  to 
coordination  with  the  Office  of  Exploration 


Figure  5-3 

Work  breakdown  structure  for  the  Pathfinder 
Cargo  Vehicle  Proplsion  Technology  Project 
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(OEXP)  and  the  Office  of  Space  Science 
and  Applications  (OSSA),  the  Cargo 
Vehicle  Propulsion  program  will  ^ 
coordinated  with  related  programs  in 
Project  Pathfinder-including  the  Space 
Nuclear  Power  Progi^  (SP- 100)— and  with 
related  national  activities,  such  as  those 
within  the  Strategic  Defense  Initiative 
Organization  (SDIO). 

The  program  will  be  supported  by  and 
coordinated  with  mission  studies  conducted 
by  the  LeRC  Advanced  Systems  Analysis 
Office  (ASAO)  for  OEXP  and  planetary 
mission  studies  conducted  by  the  Advanced 
Systems  Analysis  Group  at  the  Jet 
Propulsion  Laboratory  (JPL)  for  OSSA. 


Resources.  Project  resource  requirements 
for  the  Cargo  Vehicle  Propulsion 
Technology  Project  for  fiscal  years  1989 
through  1993  are  approximately  $16  mil¬ 
lion.. 
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Section  6.1 
Introduction 

The  mission  studies  being  conducted 
by  OEXP  are  extending  the  prelimi¬ 
nary  mission  definition  results  de¬ 
scribed  in  the  1987  report  Leadership 
and  America’s  Future  in  Space  by  Dr. 
Sally  K.  Ride.  OEXP’s  mission  stud¬ 
ies  will  provide  greater  understanding 
of  the  Leadership  report’s  “bold  new 
initiatives”  and  will  explore  other  po¬ 
tential  options. 


Finally,  OEXP’s  mission  studies  will  identi¬ 
fy  and  quantify  the  technology  requirements 
for  each  mission  option  and  will  conduct 
systematic  trade-off  studies  between  alter¬ 
nate  technologies. 

The  mission  studies  will  include  mission- 
level  assessments  and  focused  activities  in 
areas  such  as  in-space  transfer  vehicles,  op¬ 
erations  requirements  at  various  nodes  such 
as  Earth,  Mars,  and  Lunar  orbits,  and  Mars 
and  Lunar  surface  operations.  In  addition, 
the  studies  will  assess  the  leverage  inherent 
in  systems  and  technologies  for  power,  pro¬ 


Chapter  6 

Mission  Studies 


Nasa  is  currently  conducting  several 
solar  system  exploration  mission  studies  ac¬ 
tivities.  The  Office  of  Exploration  (OEXP) 
is  examining  options  for  human  explora¬ 
tion,  while  the  Office  of  Space 
Science  and  Application’s  (OSSA’s) 
solar  system  Exploration  Division  is 
studying  future  robotic  exploration 
missions.  Studies  of  robotic  precur¬ 
sors  to  human  missions  -  such  as  a 
Mars  rover  and  sample  return  mission 
-  are  being  jointly  evaluated  by  OEXP 
and  OSSA. 


This  detailed  understanding  of  each  mission 
and  the  various  options  necessary  to  accom¬ 
plish  it  arc  essential  prerequisites  to  the  se¬ 
lection  and  advocacy  of  a  civil  space  leader¬ 
ship  initiative.  Studies  of  human  mission 
options  will  also  identify  the  scientific  op¬ 
portunities  that  can  be  supported  by  each 
mission  and  the  requirements  those  oppor¬ 
tunities  place  on  the  mission  scenarios. 


pulsion,  life  support,  and  automation  &.  ro¬ 
botics. 

Other  offices  in  NASA,  such  as  the  Office 
of  Space  Station  (OSS)  and  the  Office  of 
Space  Flight  (OSF)  arc  examining  how 
their  programs  and  plans  would  be  adfected 
by  future  solar  system  exploration  missions. 
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Section  6.2 
Human  Exploration 
Case  Studies 


At  the  present  time,  OEXP  mission  studies 
are  focused  on  four  specific  “case  studies” 
of  potential  hufnan  exploration  initiatives. 
These  are:  (1)  a  human  expedition  to 
Phobos  (a  moon  of  Mars),  (2)  a  human  ex¬ 
pedition  to  the  surface  of  Mars,  (3)  installa¬ 


tion  and  operation  of  human-tended  scien¬ 
tific  observatories  on  the  Moon,  and  (4)  an 
evolutionary  extension  of  human  presence  - 
starting  with  an  outpost  on  the  Moon  and 
building  toward  missions  to  Mars. 


6.2.1  Human  Expedition  to  Phobos 

This  case  study  examines  the  options  for  the 
first  and/or  fastest  human  mission  to  the 
Mars  system.  An  initiative  following  along 
the  lines  delineated  in  this  case  study  would 
result  in  a  human  landing  on  this  moon  of 
Mars  by  the  2003  timeframe.  In  terms  of 
impacts  on  other  NASA  programs,  this 
case  has  identified  only  minimal  require¬ 
ments  that  would  be  imposed  on  an  Earth¬ 
orbiting  Space  Station.  ETO  launch  capa¬ 
bilities  would  require  sub¬ 
stantial  augmentation  to 
meet  the  preliminary 
needs  that  have  been  iden¬ 
tified. 


Technology  requirements 
to  achieve  the  objectives 
identified  by  the  Phobos 
case  study  are  minimal; 
but  include;  (1)  assembly 
and  integration  of  vehicle 
systems  in  Earth  orbit,  (2) 
extravehicular  activity 
(EVA)  suits  and  systems 
for  Phobos  proximity  op¬ 
erations,  (3)  In-Space 
cryogenic  fueling  of  mis¬ 
sion  vehicles,  and  (4)  tele- 
robotic  “rovers”  that  would  be  landed  on 
the  surface  of  Mars,  and  controlled  by  as¬ 
tronauts  in  Mars’  orbit.  Aerobraking  is 
being  considered  as  a  possible  mission  op¬ 
tion. 


Through  these  human  exploration  case 
studies,  which  are  partially  funded  by  the 
current  Path-finder  “Mission  Studies”  pro¬ 
gram  area,  OEXP  is  identifying  and  clarify¬ 
ing  the  various  program  planning  changes 
and  technology  requirements  that  NASA 
must  satisfy  in  order  to  achieve  those  ambi¬ 
tious  civil  space  objectives. 


6.2.2  Human  Expeditions 
To  Mars 

This  case  study  examines  the  options  for  the 
first  human  mission  to  the  surface  of  Mars. 
A  future  initiative  following  this  sort  of 
mission  approach  would  result  in  a  human 
landing  on  Mars  by  the  2008  timeframe. 
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This  case  would  involve  substantial  require¬ 
ments  for  ETO  launch  capabilities,  and  an 
Earth-orbiting  Space  Station,  including  both 
mission  staging  and  pre-mission  research 
and  development  of  essential  technology 
and  determining  the  effects  of  long-dura¬ 
tion  space  flight  on  humans. 


case  study,  technology  requirements  in¬ 
clude  (1)  automated  integration  of  vehicle 
systems  in  Earth  orbit,  (2)  extravehicular 
activity  (EVA)  suits  and  systems  for  the 
Lunar  surface,  and  (3)  surface  power  sys¬ 
tems  (potentially  including  space  nuclear 
power  and  mobile  power  for  Lunar  rover 
and  equipment). 


Technology  requirements  to  achieve  the  ob¬ 
jectives  that  have  been  identified  by  the 
Mars  expedition  case  study  include;  (1)  tel- 
erobotic  assembly  and  automated  integra¬ 
tion  of  vehicle  systems  in  Earth  orbit,  (2) 
extravehicular  activity  (EVA)  suits  and  sys¬ 
tems  for  Mars  surface  operations,  (3)  In¬ 
space  cryogenic  fueling  of  mission  vehicles, 
(4)  interplanetary  aerocapture  technologies, 

and  (5)  advanced  space  _ 

propulsion  systems. 


As  a  potential  precursor  to  a  piloted  flight, 
robotic  missions  to  the  Moon  might  involve 
Lunar  orbiters  and  semi-autonomous  or  te- 
leoperated  rovers  that  would  be  landed  on 
the  surface  of  Mars,  and  controlled  from 
Earth. 


As  a  potential  precursor 
to  a  piloted  flight,  a  ro¬ 
botic  mission  to  Mars 
would  involve  semi-au¬ 
tonomous  “rovers”  that 
would  be  landed  on  the 
surface  of  Mars,  and  con¬ 
trolled  from  Earth. 


6.2.3  Lunar 

Observatories 


The  “Lunar  observato¬ 
ries”  case  study  exam¬ 
ines  the  options  depoy- 
ment  and  operation  of  a 
major  astronomical  observatory  on  the 
Moon.  This  case  has  examine  issues  associ¬ 
ated  with  an  initial  mission  by  the  year 
2000  timeframe;  it  would  involve  both 
some  increase  in  ETO  capabilities  some  re¬ 
quirements  for  an  Earth-orbiting  Space 
Station. 

To  achieve  the  objectives  that  have  been 
identified  through  the  Lunar  Observatories 


6.2.4  Evolution;  Lunar  Outpost  to 
Early  Mars  Outpost 

This  case  study  examines  the  options  for  an 
evolutionary  program  that  would  start  with 
a  return  to  the  Moon  to  build  an  outpost  and 
lead  ultimately  to  an  outpost  on  the  surface 
of  Mars.  By  assumption,  this  case  study 
limits  launch  capability  projects.  That  as¬ 
sumption  constrains  the  rate  at  which  the 
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case  develops,  forcing  innovative  ap¬ 
proaches.  A  potential  initiative  constructed 
along  the  lines  explored  in  this  case  study 
would  result  in  a  permanent,  self-sustaining 
human  presence  beyond  low  Earth  orbit 
(LEO).  This  case  would  involve  substantial 
requirements  for  an  Eanh-orbiting  Space 
Station,  and  more  advanced  orbiting 
“nodes”,  including  both  mission  staging 
and  pre-mission  research  on  the  effects  of 
long-duration  flight  on  humans. 


Technology  requirements 
to  achieve  the  objectives 
of  the  evolutionary  ex¬ 
pansion  case  study  are 
very  broad.  These  re¬ 
quirements  include:  (1) 
telerobotic  assembly  and 
automated  integration  of 
vehicle  systems  in  Earth 
orbit,  (2)  extravehicular 
activity  (EVA)  suits  and 
systems  for  Lunar  and 
Mars  surface  operations, 
(3)  In-space  cryogenic 
fueling  of  mission  vehi¬ 
cles,  (4)  reusable  inter¬ 
planetary  aerocapture 
technologies,  (5)  ad¬ 
vanced  space  propulsion 
systems,  including  nucle¬ 
ar  electric  propulsion,  (6) 
in  situ  resource  process¬ 
ing  (and  propellant  pro¬ 
duction),  and  (7)  ad¬ 
vanced  life  support  sys¬ 
tems. 


As  a  precursor  to  a  piloted  missions,  robot¬ 
ic  missions  to  the  Moon  or  Mars  would  in¬ 
volve  semi-autonomous  “rovers”  that  would 
be  landed  on  the  planetary  surface  and  con¬ 
trolled  from  both  Earth  and  orbit. 


Section  6.3 

Robotic  Solar  System  Exploration 
Mission  Studies 

NASA  has  a  long-standing  tradition  of  ex¬ 
cellence  in  robotic  Solar  System  explora¬ 
tion.  In  the  future,  NASA  plans  to  continue 
that  tradition,  both  to  further  our  attempts  to 
understand  our  planetary  system,  its  origin, 
and  its  evolution,  and  also  to  provide  robot¬ 
ic  precursors  to  later 
human  exploration  expedi¬ 
tions. 

A  broad  assortment  of  ro¬ 
botic  mission  options  are 
currently  under  consider¬ 
ation.  These  span  the 
gamut  from  more  near- 
term  opportunities  (with 
little  or  no  needs  for 
Pathfinder  technologies), 
to  sophisticated  and  ambi¬ 
tious  far-term  mission  con¬ 
cepts  that  may  involve  re¬ 
turning  samples  to  Earth 
for  intensive  study  (with 
strong  technology  require¬ 
ments). 


6.3.1  Near-Term 
Mission  Options 

Nearer-term  options  in¬ 
clude  applications  of  the 
“Mariner  Mark  H”  space¬ 
craft  series.  These  are  the  Comet 
Rendezvous  Asteroid  Flyby  (CRAF)  mis¬ 
sion,  which  would  study  both  a  Main  Belt 
asteroid  and  a  comet;  and  the  Cassini  mis¬ 
sion,  which  would  orbit  Saturn  and  provide 
comprehensive  studies  of  its  largest  moon. 
Titan. 

Both  of  these  missions  are  slated  for  a  new 
start  decision  in  the  1990-1991  timeframe. 
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and  would  be  built  and  launched  by  the 
mid-to-late  1990s.  Although  exciting,  both 
of  these  missions  will  probably  be  imple¬ 
mented  before  Pathfinder  technologies  are 
available  for  application. 


6.3.2  Sample  Return 
Missions 

Farther  out  on  the  horizon,  a  pinnacle  of  ro¬ 
botic  exploration  will  be  reached  through 
one  or  more  planetary  surface  sample  return 
missions.  The  primary  options  for  such 
mission  concepts  are  the  Comet  Nucleus 
Sample  Return  (CNSR)  mission,  and  a 
Mars  Rover  and  Sample  Return  (MRSR) 
mission.  Both  of  these  missions  will  require 
advances  in  automation  and  robotics,  in 
situ  analysis  and  sample  preservation,  and 
in  space  transfer  technologies,  such  as  aero- 
capture  at  Earth  return.  (The  MRSR  mis¬ 
sion  concept  is  discussed  in  more  detail 
below.) 

Either  of  these  missions  could  be  started  in 
the  mid-to-late  1990s  timeframe,  and  could 
be  built  and  launched  by  the  early  part  of 
the  next  century. 

Mars  Rover  and  Sample  Return 
(MRSR).  The  MRSR  mission  concept  is 
being  studied  by  both  the  Office  of 
Exploration  and  the  Office  of  Space 
Science  and  Applications.  One  or  more  ro¬ 
botic  missions  to  Mars  represent  both  a  sci¬ 
entific  opportunity,  but  -  and  perhaps  more 
importantly  -  also  an  technology  demonstra¬ 
tion  opportunity.  Unlike  the  Apollo 
Program,  a  piloted  Mars  mission  program 
will  not  have  the  luxury  of  multiple  trial 
flights,  during  which  various  technologies 
and  new  capabilities  could  be  proven  prior 
to  a  commitment  to  a  landing  on  the  sur¬ 
face.  Because  of  the  distances  and  resultant 
flight  times  involved,  a  piloted  mission  to 
Mars  may  only  be  preceded  by  one  or  more 
robotic  flights  such  as  the  MRSR  concept. 


Technologies  that  could  be  validated  during 
a  robotic  mission  include  aerocapture  at 
Mars,  precision  guidance  and  hazard  avoid¬ 
ance  during  landing,  surface  mobility  sys¬ 
tems,  ascent  propulsion  and  rendezvous  in 
Mars  orbit,  and  successful  high-energy 
aerocapture  at  Earth  return. 


6.3.3  Outer  Planet  Missions 

Future  mission  options  will  also  include  fol¬ 
low-on  missions  to  the  currently  planned 
Galileo  spacecraft  that  will  orbit  Jupiter, 
and  the  projected  Cassini  mission  to  Saturn. 
Future  outer  planet  missions  could  involve 
orbiters  of  the  far  outer  planets  (Uranus  and 
Neptune)  or  a  flyby  of  the  solar  system’s 
most  distant  goal;  the  Pluto-Charon  system. 

Technology  requirements  for  such  missions 
include  those  which  are  common  to  many 
others,  such  as  planetary  aerobraking,  ad¬ 
vanced  space  communications  (e.g.,  optical 
communications),  increased  spacecraft  on¬ 
board  computing  and  autonomy,  and  higher 
levels  of  on-board  power.  TTiey  also  in¬ 
clude  more  mission-specific  technology  op¬ 
tions,  such  as  nuclear  electric  propulsion 
(NEP),  which  would  substantially  augment 
mission  capabilities  or  reduce  mission  dura¬ 
tions. 
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Chapter  7 

Strategic  Perspective 


Pathfinder  will  allow  NASA’s  Office  of 
Aeronautics  and  Space  Technology  to  de¬ 
velop  critical  capabilities  to  enable  future 
missions  of  solar  system  Exploration.  This 
goal  will  be  pursued  vigorously  over  sever¬ 
al  years,  guided  by  stable  technology  ob¬ 
jectives  against  which  real  progress  can  be 
made  and  measured.  Pathfinder  must  nev¬ 
ertheless  be  responsive  to  the  changing 
needs  of  the  Agency.  Without  constraining 
the  program  to  the  technology  needs  of  any 
single  system  or  mission  con¬ 
cept,  year-to-year  planning  for 
Pathfinder  must  occur  in  a 
strongly-grounded  strategic  con¬ 
text. 

That  strategic  perspective  is  pro¬ 
vided  by  a  projection  of  potential 
solar  system  exploration  mis¬ 
sions.  From  that  projection, 
technologies  are  identified  that 
will  either  enable  or  significantly 
enhance  those  missions.  As 
noted  in  Chapter  6,  the  missions 
include  piloted  missions  (such  as 
a  mission  to  Mars,  or  the  begin¬ 
ning  of  operations  on  the  surface 
of  the  Moon),  and  robotic  mis¬ 
sions  (such  as  robotic  precursors 
to  human  missions  or  ambitious 
sample  return  and  outer  planet 
missions).  The  technologies  needed  for 
those  missions  fall  broadly  into  the  four 
thrusts  of  Pathfinder,  and  are  crystallized 
within  those  thrusts  into  elements  that  will 
meet  critical  functional  mission  needs. 

This  approach,  applied  to  annual  program 
planning,  will  allow  Pathfinder  to  balance 


the  need  for  stability  in  research  programs 
against  the  detailed  technology  needs  of 
specific,  but  sometimes  rapidly-changing, 
mission  designs.  Moreover,  as  Pathfinder 
technologies  reach  maturity  and  are  adopted 
by  early  mission  users,  this  strategic  per¬ 
spective  on  the  technology  needs  of  solar 
system  exploration  will  permit  the  elegant 
and  timely  evolution  of  detailed  element 
program  goals  and  objectives. 


Pathfinder  technologies  will  be  developed 
for  future  civil  space  missions.  At  the  same 
time,  however,  those  technologies  will  un¬ 
doubtedly  find  broader  applications  outside 
of  NASA,  both  on  Earth  and  in  space. 

For  example,  in  the  Surface  Exploration 
program  area,  Planetary  Rover  technolo¬ 


gies,  such  as  autonomy  and  mobility,  will 
have  numerous  terrestrial  applications  ei¬ 
ther  for  National  defense,  or  for  high-risk 
civil  uses  such  as  toxic  waste  disposal  or 
fire  fighting.  Sample  Acquisition,  Analysis, 
and  Preservation  technologies,  such  as 
tools,  sensors  and  expert  systems,  may  find 
applications  in  remote  resource  exploration. 
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in  enhanced  conventional  mining  opera¬ 
tions,  or  in  low-cost,  small-size  laboratory 
instruments.  Also,  Autonomous  Lander 
technologies,  such  as  the  real-time  integra¬ 
tion  of  data  from  multiple  sensors,  will  ben¬ 
efit  aeronautics  and  aircraft  safety  through 
risk-reducing  autonomy  and  sensor  systems. 

In-Space  Operations  technologies  will  also 
find  wide  applications  in  private  space  ven¬ 
tures  and  in  terrestrial  endeavors.  For  ex¬ 
ample  the  Resource  Processing  Pilot  Plant 
program  will  develop  integrated  and  highly 
automated  mechanical  and  chemical  pro¬ 
cessing  plant  systems.  Also,  the  capability 
to  perform  In-Space  Assembly  and 
Construction  will  be  of  great  value  to  fu¬ 
ture  commercial  GEO  communications  sat¬ 
ellites. 

Humans-in-Space  research  and  technology 
will  provide  valuable  information  about  the 
impact  on  productivity  of  interrelationships 
between  workers  and  their  environments  in 
a  high-technology  setting.  Similarly,  stud¬ 


ies  of  physical-chemical  and  bioregenera- 
tive  life  support  systems  will  produce  im¬ 
portant  new  information  on  how  ecological 
systems  work  -  and  why  they  fail. 

Lastly,  space  transfer  technologies  such  as 
advanced  chemical  propulsion  and  aero- 
braking,  although  specialized  for  space  ap¬ 
plications,  will  provide  further  engineering 
expertise  in  materials  and  structures,  and 
the  use  of  aero-  and  aerothermo-  dynamic 
modeling,  and  design  for  high-speed  air¬ 
craft  and  spacecraft. 

Across  a  wide  spectrum,  during  the  com¬ 
ing  decade  Pathfinder  can  push  American 
technology  forward.  In  the  same  way  that 
the  Apollo  program  did  during  the  1960’s, 
Pathfinder  represents  a  strategic  investment 
in  research  and  technology  that  is  critical  to 
the  civil  space  program  and  to  the  Nation. 
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Glossary  of  Acronyms 


A&R 

Automation  &  Robotics 

AFE 

Aeroassist  Flight  Experiment 

AI 

Artificial  Intelligence 

ALS 

Advanced  Launch  System 

A-OTV 

Aeroassisted-OTV 

ARC 

Ames  Research  Center 

ASEB 

Aeronautics  and  Space  Engineering  Board 

BNI 

Bold  New  Initiative 

CNSR 

Comet  Nucleus  Sample  Return 

COSMIC 

Coherent  Optical  System  of  Modular  Imaging  Collectors 

CRAF 

Comet  Rendezvous  and  Asteroid  Flyby 

CSTI 

Civil  Space  Technology  Initiative 

DSN 

Deep  Space  Network 

DoD 

Department  of  Defence 

DoE 

Department  of  Energy 

E 

OSSA 

EB 

OSSA  Life  Sciences  Division 

EL 

OSSA  Planetary  Exploration  Division 

ELV 

Expendable  Launch  Vehicle 

EOS 

Earth  Observing  System 

ETO 

Earth-To-Orbit 

EVA 

Extra-Vehicular  Activity 

FY 

Fiscal  Year 

GPBS 

Gigabytes  per  second 

GEO 

Geostationary  Earth  Orbit 

GN&C 

Guidance,  Navigation,  and  Control 

GSFC 

Goddard  Space  Flight  Center 

HLLV 

Heavy  Lift  Launch  Vehicle 

Isp 

Specific  Impulse 
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ISPP 

In-Situ  Propellant  Production 

JPL 

Jet  Propulsion  Laboratory 

JSC 

Johnson  Space  Center 

kg 

Kilogram 

KSC 

Kennedy  Space  Center 

kWe 

Kilowatts-Electric 

kWt 

Kilowatts-Thermal 

LANL 

Los  Alamos  National  Laboratory 

LaRC 

Langley  Research  C  enter 

L/D 

Lift-to-Drag  Ratio 

LEO 

Low  Earth  Orbit 

LeRC 

Lewis  Research  Center 

LDR 

Large  Deployable  Reflector 

LGO 

Lunar  Geoscience  Observer  (Mission) 

LH 

Liquid  Hydrogen 

LOX 

Liquid  Oxygen 

LTEF 

Laser  Technology  Experiment  Facility 

m 

Meter 

Mbps 

Mega-bits  per  second 

mm 

Millimeter 

|im 

Micrometer 

MO 

Mars  Observer  (Mission) 

MOA 

Memorandum  of  Agreement 

MPD 

Magnetoplasmadynamic  (Thruster) 

MPFP 

Materials  Processing  Factory  Platform 

MR 

Mars  Rover  (Mission) 

MRSR 

Mars  Rover/Sample  Return  (Mission) 

MSR 

Mars  Sample  Return  (Mission) 

MSFC 

Marshall  Space  Flight  Center 

NAC 

NASA  Advisory  Council 

NASA 

National  Aeronautics  and  Space  Administration 

NAS 

National  Academy  of  Sciences 
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NASP 

NCOS 

NEP 

NRC 

OAST 

OEXP 

OMV 

OSF 

OSO 

OSS 

OSSA 

OTA 

OTV 

PhD 

PRFE 

R 

R&T 

RC 

RF 

RF 

RM 

RP 

RS 

RTG 

RX 

S 

SAAP 

S/C 

sec 

SP-100 

S/S 

SSEC 

SSTAC 


National  Aerospace  Plane 

National  Commission  On  Space 

Nuclear  Electric  Propulsion 

National  Research  Council 

Office  of  Aeronautics  and  Space  Technology 

Office  of  Exploration 

Orbital  Manuevering  Vehicle 

Office  of  Space  Flight 

Office  of  Space  Operations 

Office  of  Space  Station 

Office  of  Space  Science  and  Applications 

Office  of  Technology  Assessment 

Orbital  Transfer  Vehicle 

Phobos/Deimos 

Planetary  Return  Flight  Experiment 
OAST 

Research  and  Technology 

OAST  Information  Sciences  and  Human  Factors  Division 
OAST  Aerodynamics  Division 
Radio  Frequency 

OAST  Materials  and  Structures  Division 
OAST  Propulsion,  Power,  and  Energy  Division 
OAST  Space  Directorate 
Radioisotope  Thermoelectric  Generator 
OAST  Flight  Projects  Division 
OSS 

Sample  Acquisition,  Analysis,  and  Preservation 

Spacecraft 

Second(s) 

Space  Power- 100 
Space  Station 

Solar  System  Exploration  Committee 
Space  Systems  Technology 
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STS 

Space  Transportation  System 

TPS 

Thermal  Protection  System 

U.S. 

United  States  (of  America) 

VLBI 

Very  Long  Baseline  Interferometry 

WBS 

Work  Breakdown  Structure 

Z 

OEXP 
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SPACE  FLIGHT  R&T 
D.  FRIEDMAN  (301)  286-6242 
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